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Section  1 


INTRODUCTION 


When  aircraft  environmental  and  operational  temperatures  increase,  as  shown  in 
Table  1,  the  tire  hazard  from  the  accidental  release  of  combustible  fluids  into  engine  nacelle* 
compartments  following  component  failure  is  greatly  aggravated.  In  commercial  aircraft 
with  turbine  propulsion,  57  such  fires  occurred  in  the  18-year  period  from  1956  to  1974 
(Reference  1);  however,  for  military  aircraft  about  80  to  90  such  noncombat  fires  occurred 
annually  in  the  USAF  from  1965  to  1974  (References  2  and  3),  of  which  about  one-half 
were  identified  as  engine  case  bum-throughs.  To  reduce  the  damage  to  aircraft  due  to  fire, 
we  have  undertaken  a  program  to  increase  the  capability  for  the  suppression  and  control  of 
those  fires  that  come  about  from  combustible  fluids  leaking  onto  heated  surfaces. 

The  current  technique  for  extinguishing  such  fires  began  with  the  injection  of  gas  or 
liquid  systems  such  as  carbon  dioxide,  carbon  tetrachloride,  methylene  chloride  and  methyl 
bromide  (References  4-6):  later  investigations  used  bromochloromethane,  chlorofluoro- 
methane,  dibromodifiuoromethane,  dibromotetrafluorethane,  and  broinotrifluoro- 
methane  (References  7-9).  The  CAA  then  initiated  an  investigation  of  airflow  effects, 
extinguishant  discharge  rate  and  nacelle  surface  roughness  upon  successful  extinguishment 
(References  10-14),  and  development  of  the  Statham  analyzer  to  determine  the  actual 
concentration  of  gaseous  extinguishant  in  the  nacelle  void  space  (References  15  and  16). 
More  recent  experimental  work  on  fires  in  engine  nacelles,  wing  fuel  tanks,  and  oil  sumps  is 
reported  in  References  17-21,  and  a  general  discussion  of  the  problems  of  designing  gaseous 
fire  extinguishant  systems  to  meet  the  req"irements  delineated  in  Table  1  is  given  in 
Reference  22. 

The  maximum  surface  temperature  and/or  bleed  air  temperature  listed  in  Table  1  is 
great  enough  to  induce  hot  surface  ignition  of  fuel.  Klueg  and  Demaree  (Reference  23) 
showed  that  such  ignition  can  occur  when  either  Jet  A  (JP-8)  or  Jet  B  ( J P-4 )  fuel  leaks 
onto  a  JT3D-1  turbofan  engine  case  at  a  0.3-gpm  flow  rate  with  an  exhaust  gas  temperature 
exceeding  850°F,  provided  that  the  secondary  airflow  was  not  greater  than  0.2  Ib/sec  for 
Jet  A  fuel  and  not  greater  than  0.1  Ib/sec  for  Jet  B  fuel.  These  flow  rates  approximate  an 
overall  A/F  (air/fuel)  ratio  of  six  or  less.  Sommers  (Reference  24)  also  demonstrated  that 


*  A  nacelle  consists  of  a  pod  which  encloses  the  engine,  and  a  pylon  which  supports  the  pod  U  the  nacelle  assembly 
is  underslunz  from  the  lower  surface  of  the  wing. 
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hot  surface  ignition  occurred  when  Jet  A-i  leaked  onto  a  JT-I2A-6  turbojet  engine  whose 
case  temperature  was  ca.  1 150°F.  In  this  instance,  the  fuel  flow  rate  was  about  0.4  gpm  and 
the  airflow  rate  did  not  exceed  0.15  lb/sec,  corresponding  to  an  overall  A/F  (w/w)  ratio  of 
about  four.  These  large  scale  data  support  the  laboratory  scale  findings  of  Strasser  et.  al. 
(Reference  25),  who  report  that  both  JP-4  and  JP-8  will  ignite  on  surfaces  heated  to  1050°F 
with  a  fuel  How  rate  of  0.1  gpm  and  an  airflow  rate  that  produces  an  A/F  (w/w)  ratio 
of  1.3.  It  should  be  noted  that  the  minimum  ignition  temperature  increases  somewhat  wit.i 
increased  air  velocity  but  decreases  significantly  when  the  heated  surface  is  increased  in  area, 
and  is  only  slightly  reduced  by  preheating  the  air. 


Table  1.  Environmental  and  Operational  Parameters  for  Aircraft 
Fire  Suppression  and  Control. 


Surface 

temperature0 

Bleed  air 
temperature^ 

Ambient  air 
temperature^ 

Airflow 

velocity^ 

Storage 

temperature^ 

Engine  nacelle  environment 

Advanced 

815°F 

1500°F 

70S°C 

1300°F 

-55  to  345°C 
-65  to  650°F 

105  m /sec- 
350  ft/sec 

■55  to  2(x05C 
-65  to  500°  F 

Current 

650°C 

1200°F 

595°C 

1 1 00°  F 

-55  to  205°C 
-65  to  40(fF 

75  m /sec- 
250  ft 'sec 

•55  to  I20*C 
■65  to  250’ F 

Dry  bay  area  evnironment 

Advanced 

290°C 

550°F 

650°C 

1 200°  F 

-55  to  260°C 
-65  to  500°  F 

45  m/sec 

1 50  ft 'sec 
(Combat  damage) 

•55  to  26 03C 
•65  to  SOO^F 

Current 

1 20°  C 
250°F 

540°C 

I0003F 

-55  to  1 20° C 
-65  to  250° F 

45  m  sec 

1  50  ft  sec 
l  f ombat  damage  1 

•55  to  i;oJr 
■o5  to  250°  F 

aMaximum  turbine  engine  casing  temperature  or  maximum  skin  temperature  anticipated  in  the  Jry  hav  region 

^Maximum  bleed  air  temperature  in  the  engine  compartment  or  structural  temperature  in  he  Jr\  has  recmn 
resulting  from  duct  failure  or  combat  damage. 

'•Maximum  air  temperature  in  the  engine  nacelle  or  compartment  temperatue  in  the  Jrv  has  as  per  incinai 
design. 

“^Maximum  au  velocity  within  engine  nacelle  per  original  design  or  in  dry  bav  reeion  resulune  r  mtiru 
damage. 

^Temperature  range  for  storage  of  suppressant  materials  outside  the  engine  nacelle  reition 

NOTF:  N.B.  engine  failure,  or  combat  damage,  may  lead  to  still  higher  temperatures  m  lomi/ed  fw  1 

those  quoted  above. 


Figure  1  was  redrawn  from  the  data  of  Reference  25.  and  suhsi.iniui:- 
data  from  References  10,  13.  and  26,  indicates  that  the  amount  of  gaseous  1  ire  *  ’  "  - 

say  CFjBr  (Halon  1301),  required  to  extinguish  a  0.3-gpm  fuel  lejk  tire  ,n  - •  ,m 
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increased  airflow.  These  data  also  indicate  that  the  longer  a  tire  is  permitted  to  bum  pnor  to 
the  commencement  of  extinguishment  action,  the  greater  is  the  quantity  of  fire  extin- 
guishant  required  to  achieve  fire  control.  In  these  particular  tests,  the  fuel  supply  was  not 
cut  off  during  the  extinguishment  phase  of  the  experiment,  as  had  been  done  in  several 
earlier  studies  (see  References  10,  13).  The  authors  of  Reference  23  attribute  this  need  for 
increased  quantities  of  extinguishant  to  changes  in  the  airflow  pattern  (more  turbulence?) 
brought  about  by  deformation  of  the  nacelle  wall  with  prolonged  heating,  and  to  overheating 
of  the  nacelle  walls  caused  prior  to  the  commencement  of  the  extinguishment  process,  thus 
inducing  hot  surface  reignition  of  the  still  leaking  fuel  after  initial  extinguishment  of  the 
flame. 


EXTINGUISHANT  INLET 
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Figure  1 .  Fire  Control  of  Turbofan  Engine  Nacelles. 
(Redrawn  from  the  Data  given  in  Reference  23) 
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The  authors  of  Reference  23  tested  other  gaseous  extinguishants  besides  CFjBr 
(Halon  1301 )  and  they  report  that  Halon  1301  was  more  effective  than  CFsBrs  ( HaJon  1 202), 
wliich  was  better  than  CF->ClBr  (Halon  1211)  or  CH^ClBr  (Halon  101  Hand  that  so-called 
pyrotechnic  delivery  (References  26-28)  was  more  effective  than  delivery  by  stored  nitro¬ 
gen  pressure.  In  an  earlier  study  (Reference  26)  Halon  1301  was  also  rated  superior  to 
C^FqBn  (Halon  2402),  and  this  in  turn  was  rated  better  than  Halon  101 1.  These  authors 
also  rated  Halon  1301  as  more  effective  than  the  dry  powder  Fire  extinguishants,  sodium 
bicarbonate,  and  ammonium  dihydrogen  phosphate,  one  of  the  earliest  references  to  dry 
powder  chemical  fire  extinguishants  for  nacelle  fire  control.  In  another  early  reference  to 
the  use  of  dry  powder  fire  extinguishants  (Reference  4),  CCI4  (Halon  1040)  was  also  found 
superior  to  sodium  bicarbonate  powder  and  to  a  water  solution  of  potassium  carbonate. 

In  designing  Halon-based  fire  extinguishers  for  installation  in  military  aircraft, 
military  specifications  MIL-E-5352  and  MIL-E-22285  suggest  a  design  based  on  the 
relationship: 

We  =  AWa  +  BV  (1) 


where 


We  =  Weight  of  gaseous  fire  extinguishant  required 
Wa  =  airflow  rate 

V  =  net  volume  of  the  fire  zone 

A,  B  =  constants  depending  on  the  mass  and  flow  units  ( Reference  29) 

A  similar  equation  of  this  same  form  has  been  derived  by  the  authors  of  Reference  30, 
and  is  discussed  in  Reference  22,  this  is  equation  is 

We  =  (PCMe)/  (RT)  •  [(Wat/Pa)  +  V]  (2) 

where 

We  =  weight  of  gaseous  fire  extinguishant  required 
Wa  =  airflow  rate 

V  -  net  volume  of  the  fire  zone 
P  =  total  static  pressure 

C  =  volume  percent  of  extinguishant  required  for  fire  control 
Me  =  molecular  weight  of  the  extinguishant 
R  =  gas  constant 
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T  =  absolute  temperature 
t  =  extinguishant  delivery  time 
Pa  =  ambient  air  density  in  the  fire  zone 

The  density  of  air  can  be  expressed  by  the  ideal  gas  equation  relationship  in  the  .orm 
Pa  =  (PaMa)/(RT)  (3) 

where 

Pa  =  partial  pressure  of  air 
Ma  =  molecular  weight  of  air 


Since  C  is  the  volume  percent  of  extinguishant  required  to  control  the  fire,  then  the  partial 
pressure  of  air  can  be  written  in  the  form : 

Pa=(100-C)P  (4) 

and  using  this.  Equation  (2)  can  be  written  in  the  form. 

We  =  C/(C  -  100)  •  (Me/Ma)  •  (wat  +  oav)  (5) 

Assuming  that  the  model  used  to  derive  Equation  (2)  is  valid,*  Equation  (5)  suggests  that 
the  value  of  the  term 

C/(C  -  100)-(Me/Ma)  (6) 

may  yield  a  figure  of  merit  for  gaseous  fire  extinguishant  effectiveness  in  preventing  reig- 
nition  after  successful  extinguishment,  if  the  flammability  peak  concentration  is  used  for 
the  value  of  C  in  Equation  (6),  since  no  fire  can  exist  at  concentrations  of  extinguishant 
greater  than  the  flammability  peak  concentration. 


*5ee  Reference  31  for  discussion  of  British  vs.  U.S.  extinguishant  weight  requirements  for  both  military  and 
civilian  aircraft. 
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f  Data  calculated  from  Equation  (6)  suggest  that  Halon  1301  should  be  about  equal  to 

Halon  1201,  and  should  be  significantly  better  than  Halon  1211  in  delaying  hot  surface 
reignition.  Similarly,  Halon  1 202  should  be  more  effective  than  Halon  2402.  Unfortunately, 
this  simple  picture  does  not  seem  to  be  supported  by  experimental  facts  such  as  those  from 
the  static  airflow  pan  fire  test  data  of  Fiaia  (Reference  33).  This  author  used  a  hot  surface 
reignition  source  in  the  form  of  one  sidewall  of  a  test  pan,  which  was  heated  by  an  external 
flame  to  1000°C,  and  demonstrated  that  Halons  1301  and  1211  were  about  equally  effec¬ 
tive  in  delaying  reignition,  and  that  Halons  1202  and  2402  were  also  approximately  equal 
in  effectiveness.  More  significantly,  this  author  demonstrated  that  the  latter  pair  were 
markedly  better  than  the  first  pair  in  delaying  reignition.  A  possible  explanation  for  this 
|  may  lie  in  the  physical  properties  of  each  system  at  the  ambient  conditions  prevailing.  The 

'  experimental  effectiveness  of  Halon  1211  relative  to  Halon  1301  is  greater  than  that  pre- 

\  dieted  by  Equation  (6),  possibly  because  Halon  1211  is  discharged  as  a  liquid,  while 

i  Halon  1301  is  discharged  as  a  gas.  Likewise,  the  greater  than  predicted  effectiveness  of 

Halon  2402  relative  to  Halon  1202  may  be  attributed  to  its  lower  volatility.  In  this  respect, 
it  is  instructive  to  consider  this  aspect  of  volatility  further  with  reference  to  the  current  lire 
control  system  fitted  to  the  F-l  1 1  aircraft. 

The  extinguishant  in  current  use  with  the  F-l  1 1  engine  nacelle  fire  control  system  is 
based  on  Halon  1202,  and  driven  by  compressed  nitrogen  gas.  The  higher  boiling  temperature 
of  Halon  2402  presumably  means  that  this  Halon  will  have  a  lower  extinguishant  vapor  pres¬ 
sure  at  260°C  (500° F),  the  maximum  quoted  temperature  for  storage  of  the  fire  control 
system;  and  when  the  nitrogen  driver  gas  is  included  also,  there  will  be  a  significantly  lower 
total  pressure  in  the  system  as  a  whole  when  compared  to  a  Halon  1  202  based  system 
used  for  the  F-l  11.  According  to  McClure  &  Springer  (Reference  22)  the  F-l  11  engine 
nacelle  fire  control  system  contains  5.8  Kg  of  Halon  1 202  charged  initially  with  nitrogen  to 
42  atmospheres  pressure  at  20°C  in  a  tank  volume  of  approximately  6.3  liters. 

Calculating  the  exact  system  pressure  for  Halon  based  Fire  control  systems  depends 
to  a  large  extent  on  the  availability  of  experimental  values  for  the  vapor  pressure  of  such 
Halons,  and  values  of  the  pressures  recommended  for  the  driver  gases.  The  following  data 
provide  us  with  an  estimate  of  these  parameters.  Gerstein  and  Allen  (Reference  30)  have 
estimated  the  vapor  pressures  of  Halons  1202,  1211,  and  1301,  and  the  total  system  pressure 
for  these  systems,  at  260°C  via  a  calculation  based  on  the  known  total  system  pressure  at 
20°C  of  27  atmospheres,  and  they  showed  that 

P1301  >  P 1 2 1 1  >  P 1 202 

for  both  the  vapor  pressure  and  the  resulting  total  system  pressure  at  260°C  for  each  system; 
but  they  do  not  give  a  corresponding  pressure  estimate  for  Halon  2402.  DeRouville  and 
Hebenstreit  (Reference  27),  have  measured  this  latter  quantity,  yielding  data  that  showed  a 
total  system  pressure  of  102  atmospheres  at  2 60°C  when  approximately  1  8  moles  of 
Halon  2402  had  been  loaded  into  a  container  of  0.3  liters  total  volume,  and  sufficient  air 
added  to  bring  the  total  system  pressure  up  to  1  atmosphere  at  20°C.  On  repeating  this 
experiment  using  the  same  number  of  moles  of  Halon  1301,  they  measured  a  total  pressure 
of  197  atmospheres  at  260°C.  They  also  reported  that  the  Halon  2402  total  pressure 
increased  by  no  more  than  4  atmospheres  after  10  weeks  storage  at  260°C. 
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The  total  system  operating  pressure  for  Halon  1301  at  the  maximum  expected  storage 
temperature  of  260°C  is  unacceptably  high.  It  is  therefore  of  interest  at  this  point  to  deter¬ 
mine  whether  use  of  Halons  1202  or  2402  might  usefully  reduce  this  total  operating  pres¬ 
sure  for  the  F-l  1 1  fire  control  system,  since  both  of  these  independent  sets  of  data  indicate 
that  Halon  1202  and  Halon  2402  have  lower  total  pressures  at  260°C  (500°F)  than  does 
Halon  1301.  To  calculate  this,  we  assume  that  non-ideal  gas  behavior  can  be  expected 
for  all  of  the  Halons,  as  well  as  for  the  nitrogen  driver  gas,  since  relative  to  other  gases  and 
low  boiling  liquids,  the  Halons  have  relatively  high  critical  temperatures.  Equally,  at  the 
prevailing  temperatures,  the  pressures  of  the  nitrogen  driver  gas  is  commensurate  with  its 
own  critical  pressure.  We  will  further  assume  that  van  der  Waais’  equation  of  state 

(p  +  n2a/V2)  (V  -  nb)  =  nRT  (7) 

will  provide  a  reasonable  estimate  of  non-ideal  behavioral  characteristics  for  these  systems, 
and  we  will  use  this  equation  to  calculate  the  final  system  pressure  for  these  two  Halons 
(Reference  35).  The  advantage  of  the  van  der  Waais’  equation  is  that  the  parameters  “a”  and 
“b”  can  be  calculated  with  sufficient  accuracy  from  the  critical  parameters  of  the  gaseous 
fluid,  and  do  not  need  to  be  found  by  an  experimental  fit.  In  Equation  (7),  the  values  of  a, 
b,  and  R,  are  derived  from  the  critical  parameters,  Vc,  Pc,  and  Tc,  by  the  relations. 


b  = 

Vc/3 

(8) 

a  * 

27b2/Pc 

(9) 

R  = 

8a/27bTc 

(10) 

where  the  parameters  n,  P,  and  T,  are  the  number  of  moles  of  the  gaseous  fluid  at  a  pressure 
P  and  absolute  temperature  T,  respectively. 

With  this  in  mind,  the  parameters  of  interest  pertaining  to  the  F-l  1 1  fire  control  sys¬ 
tem  are  as  follows: 

1.  The  total  volume  of  the  holding  container,  6.3  liters 

2.  The  estimated  maximum  storage  temperature,  260°C  (500°F) 

3.  Initial  mass  of  Halon  2402  loaded  at  ambient  temperatures,  5.8  Kg  at  20°C 

4.  Initial  total  system  pressure  caused  by  charging  with  nitrogen  driver  gas  at 
ambient  temperature,  42  atmospheres  at  20°C. 

Since  the  vapor  pressure  of  Halon  2402  is  only  0.5  atmospheres  at  20°C  (293°K),  and 
the  liquid  density  is  2.16  gm/cc,  that  part  of  the  total  pressure  due  to  nitrogen  is  approxi¬ 
mately  41.5  atmospheres;  therefore,  the  5.8  Kg  of  Halon  2402  has  a  liquid  volume  of 
ca.  2.7  liters.  Hence,  assuming  that  nitrogen  gas  in  insoluble  in  liquid  2402,  the  nitrogen  gas 
is  contained  in  the  remaining  3.6  liters.  Now  using  the  van  der  Waais’ equation  (Equation  (7)), 
we  can  calculate  the  number  of  moles  of  nitrogen  gas  present  from  the  given  temperature. 
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pressure,  and  volume.  This  yields  an  answer  for  the  number  of  moles  of  nitrogen  gas  of 
approximately  8.2  moles.  Since  the  maximum  estimated  storage  temperature  of  260°C  is 
above  the  critical  temperature  for  Halon  2402,  gaseous  nitrogen  will  now  share  the  entire 
volume  along  with  the  totally  gaseous  Halon  2402.  Its  contribution  to  the  total  system  pres¬ 
sure  is  now  estimated  by  repeating  the  calculation  just  illustrated,  but  now  using  a  volume 
of  6.3  liters  and  temperature  of  500° K  for  8.2  moles  of  nitrogen  and  for  22.3  moles  of  2402 
(equivalent  to  the  5.8  Kg  loaded  originally).  The  result  of  these  calculations  is  that  the  nitro¬ 
gen  driver  gas  will  exhibit  a  pressure  of  ca.  45  atmospheres  at  260°C,  and  the  pressure  con¬ 
tribution  from  the  Halon  2402  contributes  an  additional  50  atmospheres;  thus,  the  total 
system  pressure  will  be  95  atmospheres  (1400  psig).  Similar  calculations  have  been  carried 
out  for  the  other  Halons. 

Although  the  calculated  total  pressures  at  the  maximum  estimated  storage  temperature 
of  500° F  for  these  Halon  based  systems  are  high,  Graviner  (Reference  37)  nevertheless 
chose  Halon  1211  for  the  new  Concorde  engine  nacelle  extinguishant.Thisis  partly  mitigated 
by  the  fact  that  the  estimated  inflight  skin  temperature  of  this  aircraft  lies  in  the  range  of 
-20  to  100°C,  and  only  at  the  last  engine  compression  stage  does  the  temperature  rise  to 
ca.  580°C  (1075°F).  Graviner  has  proposed  to  circumvent  the  major  defect  of  gaseous  fire 
control  systems,  which  involves  the  markedly  reduced  extinguishant  weight  effectiveness 
due  to  increased  airspeed  in  the  nacelle,  by  shutting  a  pair  of  flaps  upstream  of  the  compres¬ 
sor  to  physically  reduce  the  nacelle  airflow  to  the  minimum  leakage  rate,  9  lb/sec,  before 
beginning  to  discharge  the  cylinder  containing  16  pounds  of  Halon  1211.  This  is  estimated 
to  provide  a  minimum  Halon  concentration  of  10.5%  by  volume  within  2  seconds  after 
discharge  begins,  and  to  maintain  this  concentration  for  the  next  2  seconds  ( Reference  3 1 ). 

Bearing  in  mind  the  disparities  exhibited  between  calculated  values  and  experimental 
data  obtained  by  Fiala  (Reference  33)  for  the  apparent  effectiveness  of  various  systems, 
we  believe  that  further  development  of  a  gaseous  tluid-based  fire  control  system  for  advanced 
jet  engine  nacelles  is  not  a  promising  proposition,  and  that  further  development  of  other 
halogen-based  liquid  or  gaseous  systems  is  probably  inadvisable.  Although  the  reduced 
weight  effectiveness  of  fluid-based  systems  under  conditions  of  high  airflow  can  be  mechani¬ 
cally  circumvented  to  some  extent  (e.g.,the  method  proposed  by  Graviner  for  the  Concorde), 
this  facet  of  the  overall  problem  merely  adds  emphasis  to  the  statement  above. 

If  fluid  (gas  or  liquid)  based  systems  will  not  provide  the  needed  characteristics,  then 
solid  systems  should  be  investigated  further.  There  are  many  reports  in  the  research  and 
development  literature  concerning  the  negative  catalytic  effects  and  general  inhibition  of 
gas  phase  phenomena  by  solid  surfaces.  For  example,  the  minimum  pressure  and  tempera¬ 
ture  required  for  the  thermal  detonation  of  a  hydrogen-oxygen  mixture,  or  for  the  ignition 
of  a  hydrocarbon-air  mixture,  is  significantly  increased  when  the  inner  walls  of  the  container 
are  coated  with  a  salt  layer  such  as  KC1  or  CsCl  (References  38-41).  Since  such  salts  are 
also  known  to  be  effective  as  fire  extinguish  ants  (References  42  and  43),  one  of  our  objec¬ 
tives  is  to  develop  fire  extinguishant  materials  that  will  adhere  to  the  walls  of  a  jet  engine 
nacelle,  and  thus  help  to  nullify  this  high  airflow  effect  which  negates  the  fire  control 
mechanism  of  gaseous  systems.  Further,  a  second  objective  will  be  to  develop  a  solid-based 
fire  control  system  that  will  not  only  extinguish  the  fire,  but  which  will  prevent  reignition 
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of  the  fire  even  though  the  conditions  that  produced  the  fire  initially  are  still  obtaining.  The 
principal  aspect  here  is  that  even  if  jet  fuel  (JP-4)  is  still  leaking  onto  a  hot  surface,  and  thus 
providing  a  potentially  flammable  situation  throughout  the  delay  period,  the  solid 
extinguishant  adhering  to  the  surface  should  provide  a  sufficiently  high  inhibitory  effect  so 
as  to  prevent  reignition.  It  is  hoped  that  a  system,  or  systems,  can  be  developed  that  will 
provide  a  minimum  of  5  minutes  delay  in  the  reignition  time  under  the  conditions  pre¬ 
vailing,  or  expected  to  prevail,  in  advanced  jet  engine  nacelles  (these  conditions  are  summa¬ 
rized  in  Table  1).  Our  experimental  approach  will  involve  the  development  of  a  laboratory 
scale  test  facility  to  simulate  the  fuel  ignition  and  flame  propagation  characteristics  of  jet 
engine  nacelle  fires  under  both  static  and  moderate  airflows. 
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Section  2 


STATEMENT  OF  EXPERIMENTAL  PROBLEM 


The  primary  objective  of  this  research  was  to  find  a  suitable  system,  or  systems,  that 
will  control  ignition  initiated  by  fuel  leakage  onto  a  hot  surface  under  conditions  pertinent 
to  those  that  obtain,  or  will  obtain,  in  the  engine  nacelles  of  advanced  civil/military  aircraft. 
In  particular,  the  system  shall  extinguish  a  fire  generated  by  JP-4  fuel  contacting  hot  sur¬ 
faces  at  temperatures  up  to  815°C,  and  keep  this  fire  from  reigniting  for  a  minimum  of 
300  seconds  even  though  JP-4  fuel  continues  to  contact  the  hot  surface  at  this  temperature. 
Further,  since  the  extinguishant  system  will  be  subject  to  storage  prior  to  use,  the  system 
has  to  be  stable  to  gain  and/or  loss  in  weight  due  to  water  absorption  (hygroscopic  and 
efflorescent  properties)  and  chemical/physical  decomposition  (weight  loss,  vapor  pressure 
increases,  or  gas  evolution)  over  a  temperature  range  from  -55  to  260°C.  In  general,  weight 
losses  and  associated  changes  shall  not  exceed  5%  by  weight.  A  final  criterion  involves 
performance  under  high  airflow  velocities  (up  to  350  ft/sec)  as  would  be  present  through 
an  engine  nacelle  of  an  aircraft  in  flight  (see  Table  1).  As  described  in  the  Introduction, 
fluid  systems  (CCH  or  Halon  based),  are  deemed  to  be  inadequate,  and  a  prima  facie  assess¬ 
ment  indicates  that  solid  dry  chemical  systems  may  provide  viable  alternatives. 

In  terms  of  a  search  for  materials  that  will  fulfill  these  requirements,  two  criteria 
are  important;  will  the  system  extinguish  a  fire  generated  by  JP-4  fuel  contacting  a  hot  sur¬ 
face  maintained  at  temperatures  in  excess  of  800°C,  and/or  will  the  system  prevent 
reignition  for  long  time  periods  even  though  the  fuel  continues  to  contact  the  hot  surface. 
From  intuitive  aspects,  it  is  possible  that  a  component  which  accomplishes  the  first  task 
well  may  not  necessarily  accomplish  the  second  task  in  an  equally  satisfactory  manner. 
Thus,  it  is  probable  that  a  multi-component  system  approach  to  the  overall  objective  should 
be  adopted. 


In  view  of  the  number  of  parameters  that  are  expected  to  contribute  to.  and  interfere 
with  fire  control,  it  was  decided  that  a  small  carefully  controlled  testing  assemblage  should 
be  designed,  built,  and  refined,  which  would  allow  a  prescreening  of  suitable  candidate 
systems.  Those  systems  that  performed  well  under  static  laboratory  test  conditions  would 
then  be  tested  in  a  larger  dynamic  simulator,  under  conditions  that  would  involve  exposure 
to  high  airflow  velocities  as  well.  Prescreening  laboratory  testing  was  done  via  a  so-called 
static  assemblage  (no  airflow  velocities  for  the  majority  of  testing,  and  a  maximum  of 
ca.  10  ft/sec  airflow  only  as  an  accessible  laboratory  parameter).  Dynamic  testing  of  suitable 
materials  was  undertaken  in  conjunction  with  a  separate  experimental  assemblage  under 
the  auspices  of  Dr.  D.  Myronuk  of  San  Jose  State  University  (details  are  presented  in  this 
report). 


10 


JTCG/AS-82-T-002 


In  order  to  find  a  suitable  answer  to  the  stated  problem,  several  experimental 
problems  had  to  be  solved,  and  one  assumption  taken;  namely,  that  the  measured  reignition 
delay  time  is  a  characteristic  parameter  of  the  system,  and  that  measurement  of  this 
parameter  will  provide  self-consistent  and  meaningful  data  concerning  the  systems  tested. 
Based  on  this  assumption,  the  following  experimental  questions  arise: 

1.  Can  a  suitable  laboratory  testing  assemblage  be  developed  that  will  allow  us  to 
determine  which  experimental  parameters  contribute  to  the  observed  reignition  delay  time, 
their  relative  importance  to  this  process,  and  whether  these  contributing  variables  can  be 
adequately  controlled? 

2.  Assuming  that  the  contributory  variables  can  be  adequately  controlled,  can 
meaningful  self-consistent  data  be  obtained  for  these  reignition  delays,  and  are  the  reignition 
delays  a  meaningful  characteristic  parameter  of  the  systems  under  test?* 

3.  Using  the  knowledge  gained  from  items  1  and  2,  can  the  nature  of  the  species, 
and  the  mechanism  controlling  reignition,  be  identified?  In  particular,  can  inherent  tire  con¬ 
trol  characteristics  be  predicted  and  these  facts  used  to  design  a  new  system  that  will 
provide  better  performance  than  has  presently  been  observed? 

4.  Can  the  system  predicted  in  item  3  be  modified  and/or  tailored  so  as  to  produce 
both  initial  extinguishment  and  subsequent  long-term  control  of  the  reignition  process? 

5.  Will  the  systems  developed  that  satisfy  item  4  satisfy  the  performance  criteria 
delineated  by  the  sponsoring  agency,  and  if  not,  can  they  be  made  to  do  so  by  chemical 
and/or  physical  modifications? 

6.  Can  the  new  materials  developed  in  item  4  be  suitably  characterized  so  as  to 
allow  larger  scale  production  and  testing  in  the  dynamic  simulator,  and  thence  to  full-scale 
testing  in  real  situations? 

Experimental  methodologies  have  been  developed  that  attempt  to  answer  these  six 
phases  of  the  investigation,  and  adequate  solutions  to  the  majority  of  these  problems  have 
been  formulated.  These  experimental  data  are  described  in  the  next  section. 


*An  obvious  alternate  criterion  of  effectiveness  is  the  mass  of  a  particular  extinguishant  system  that  will 
extinguish  a  preset  and  precalibrated  fire;  the  smaller  the  quantity  needed  the  “better"  the  system.  We  have  not  attempted 
to  use  this  criterion  for  the  static  testing  studies,  but  it  does  form  part  of  the  approach  used  for  the  dynamic  simulator 
studies. 
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EXPERIMENTAL  PROCEDURES  -  STATIC  TESTING  PHASE 


The  overall  experimental  program  can  be  subdivided  into  two  major  aspects:  (1)  testing 
of  materials  in  the  static  assemblage  under  conditions  of  minimal  airflow,  together  with 
subsequent  syntheses  and  characterization  of  new  materials;  and  (2)  testing  of  the  materials 
found  to  be  most  effective  from  static  testing  criteria  in  a  larger  dynamic  facility  which 
allows  evaluation  under  conditions  of  high  wind  velocities  such  as  those  that  would  obtain 
during  inflight  engine  nacelle  fires. 


LABORATORY  SCALE  STATIC  TESTING  ASSEMBLAGE 

In  relating  fire  control  effectiveness  to  the  relative  magnitudes  of  the  reignition  delays 
induced  by  various  dry  chemical  systems  in  flammable  situations,  it  became  necessary  to 
develop  a  testing  assemblage.  Accordingly,  the  simple  open  pan  fire  concept  was  used  as 
an  initial  development  point,  and  a  representation  of  the  first  such  assemblage  is  shown  in 
Figure  2.  It  was  immediately  obvious  from  preliminary  experiments  that  precise  self- 
consistent  data  accumulation  could  not  be  managed  with  this  simple  approach.  An  extensive 
and  systematic  investigation  of  possible  contributing  parameters  that  served  to  destroy  pre¬ 
cision  and  repeatability  was  undertaken,  and  culminated  in  the  design  shown  diagram- 
matically  in  Figure  3,  and  photographically  in  Figures  4  through  8.  This  complete  assem¬ 
blage  was  mounted  in  a  fume  hood,  to  prevent  dangerous  accumulations  of  JP-4  fuel  vapor. 
The  Final  refinement  of  dimensions  and  ancillary  equipment  yielded  a  usable  assemblage 
by  23  July  1 976.  The  final  dimensions  of  the  cavity  were  1 5  x  40  x  1 2  cm,  with  a  8  x  1 5  cm 
vent  at  the  top  rear  of  the  cavity,  and  a  total  volume  of  ca.  6  liters. 

As  a  measure  of  satisfactory  performance,  the  only  criterion  adopted  was  a  quanti¬ 
tative  measure  of  precision.  We  chose  to  use  the  SD  (standard  deviation)  of  a  data  set  cal¬ 
culated  from 

i  =  N  , 

£  (x i-x)2 

i  =  1 

(sd)2= - 

N-  1 

where  N  is  the  number  of  data  points  in  the  set.  Typical  values  for  the  standard  deviation 
as  a  function  of  the  mean  X  were  systematically  reduced  from  values  in  excess  of  500% 
to  final  values  that  were  routinely  less  than  33%,  and  often  as  little  as  10%.  Data  points  that 
lay  outside  the  values  corresponding  to  “the  mean  ±  twice  the  standdard  deviation  of  the 
mean”  were  discarded,  and  a  new  standard  deviation  was  computed.  This  degree  of  precision 
was  deemed  sufficient  for  the  purposes  of  this  investigation. 
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Note:  The  fuel  feed  needle  can  be  seen  in  the  center  of  the  photograph,  supported 
rigidly  at  the  end  to  prevent  movement  under  pressure  from  the  fuel  feed  pump.  The 
gas  inlet  tubes  (copper  in  this  photograph,  but  usually  constructed  from  stainless  steel) 
can  be  seen  along  the  edges  of  the  cavity,  with  the  gas  diffuser  gauze  appearing  under 
the  gas  deflector  plates.  The  ends  of  the  cavity  are  sealed  with  a  soft  fireproof  insulating 
material  ("Fibrefrax”). 

Figure  4.  The  Interior  of  the  Cavity  Showing  the  Two  Metal-Braid  Sheathed 
Chromel-Alumel  Thermocouples  Spot  Welded  to  the  Heated  Plate  Surface. 
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Note:  The  enclosure  is  mounted  in  a  fume  hood,  together  with  a  timing  clock,  fuel 
pump,  and  fuel  reservoir  on  the  extreme  right  of  the  picture.  The  front  of  the  cavity 
is  closed  with  a  transparent  plastic  shield,  allowing  observation  of  the  flame  processes. 
In  this  photograph,  the  fuel  has  just  been  turned  on,  and  the  flame  ignited.  The  gas 
feed  tubes  to  the  cavity  can  be  seen  at  the  extreme  left  and  right  hand  sides  of  the 
brick  enclosure. 


Figure  5.  The  Brick  Enclosure  Around  the  Heated  Plate. 


n 


\ 


r 


Note:  In  this  photograph,  the  dry  chemical  extinguishant  has  iust  been  discharged 
(commercially  supplied  potassium  bicarbonate  in  this  particular  experiment)  and  the 
flame  extinguished.  The  chart  recorder  used  to  monitor  the  temperature  of  the  plate 
from  the  chromel/alume!  thermocouples  can  be  seen  on  the  left  of  the  fume  hood. 

Figure  6.  Discharge  of  the  Dry  Chemical  and  Flame  Extinguishment. 
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Note:  The  splash  pattern  of  the  fuel  stream  contacting  the  heated  plate  surface  can  be 
clearly  seen  in  the  center  of  the  plate.  This  scouring  action  to  cleanse  the  heated 
surface  is  partly  due  to  the  momentum  of  the  fuel,  and  partly  to  the  vigorous  boiling 
action  as  the  volatile  fuel  contacts  the  hot  surface. 

Figure  ~ .  The  Interior  ot'  the  Cavity  After  Discharge  of  the  Dry  Chemical 
and  After  the  Flame  Has  Reignited. 
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Note:  This  photograph  illustrates  the  reignition  process;  the  JP-4  fuel  vapor  has 
ignited  throughout  the  whoie  of  the  cavity,  and  flames  can  be  seen  exiting  from  the 
vent  in  the  rear  of  the  cavity.  The  vivid  purple  color  is  from  potassium  ions  from  the 
KHCO3  used  to  extinguish  the  flame  in  this  experiment. 

Figure  8.  The  Cavity  at  the  Moment  of  Reignition. 
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CONTRIBUTORY  VARIABLES 

In  the  coarse  of  developing  the  final  successful  static  testing  assemblage,  it  was 
found  that  the  precision  achieved  in  the  measurement  of  reignition  delay  times  was  influ¬ 
enced  strongly  by  several  variables.  One  major  cause  of  erratic  behavior;  i.e.,  lack  of  repeat¬ 
ability  of  measured  reignition  delay  times  when  apparently  all  parameters  of  the  system 
were  identical,  was  related  to  random  air  currents  across  the  heated  surface.  In  this  respect, 
it  soon  became  apparent  that  the  assemblage  should  be  as  tightly  sealed  as  possible.  In  view 
of  the  reignition  process,  and  particularly  when  oxygen  was  used  to  provide  a  higher  partial 
pressure  of  oxidant  than  that  available  from  air  combustion  (when  quite  severe  concussive 
reignition  was  often  the  rule),  a  standard  vented  enclosure  was  designed.  To  seal  the  enclo¬ 
sure  against  occasional  leaks,  especially  close  to  the  plate  surface,  a  combination  of  rigid 
fireproof  board  (“Transite®  ”  materials)  and  a  soft  fireproof  woven  sheet  (“Fiberfrax®  ”, 
available  commercially)  were  used  to  ensure  a  leakproof  cavity. 

A  second  set  of  problems  was  identified  as  involving  delivery  of  fuel  to  the  heated 
plate  surface:  ( 1)  the  rate  of  fuel  delivery  has  to  be  standardized;  (2)  the  degree  of  atomiza¬ 
tion  of  the  fuel  stream  supplied  to  the  plate  had  to  be  standardized;  and  (3)  the  point  of 
initial  contact  of  the  fuel  stream  with  the  concave  heated  plate  surface  had  to  be  stand¬ 
ardized.  This  third  factor  was  attributed  to  a  potential  scouring  action  by  the  fuel  stream 
travelling  tangentially  across  the  heated  surface;  and  particularly  for  oxygen  rich  atmos¬ 
pheres,  local  concentrations  of  fuel  could  build  up  in  oxygen  rich  areas  of  this  cavity, 
leading  to  irreproducible  data.  Use  of  oxygen  diffuser  plates  and  deflector  plates,  as  shown 
in  Figures  3  through  8,  helped  to  alleviate  these  problems.  As  development  proceeded, 
gravity  feed  droplet  delivery  of  the  fuel  to  the  plate  proved  inadequate,  and  all  of  these 
latter  facets  were  found  to  be  controllable  by  utilizing  a  constant  volume  delivery  pump  to 
deliver  a  metered  amount  of  JP-4  fuel,  and  a  long  (30  cm)  capillary  needle  (0.2  mm  i.d.)  to 
deliver  the  fuel  reproducibly  close  to  the  plate  surface  (end  of  needle  was  ca.  5  cm  from 
plate  surface).  It  was  found  best  to  deliver  the  fuel  to  the  center  of  the  plate,  such  that 
the  stream  of  JP-4  struck  the  surface  of  the  heated  plate  normally  (i.e.,  at  an  angle  of 
90  degrees  to  the  surface).  Although  a  slight  degree  of  “splashing"  did  occur,  producing  a 
small  shower  of  ancillary  droplets,  provided  that  the  momentum  of  the  fuel  stream  was 
not  too  high,  this  did  not  create  a  problem.  Further,  as  shown  in  Figure  3,  the  needle  was 
mounted  concentrically  through  the  center  of  the  cone  that  delivered  the  dry  chemical 
agent  to  the  plate  surface.  Thus,  both  dry  chemical  extinguishant  and  JP-4  fuel  were 
delivered  to  the  same  point  on  the  plate  initially. 

Apart  from  these  variables,  other  major  parameters  of  the  system  expected  to  con¬ 
tribute  to  the  observed  reignition  delay  from  intuitive  ideas  would  include  the  following: 

1 .  Rate  of  fuel  delivery  to  the  heated  surface 

2.  Partial  pressure  of  the  oxygen  above  the  heated  surface 

3.  Mass  of  extinguishant  delivered  to  the  plate  surface,  together  with  the  associated 
surface  density  of  the  extinguishant  over  the  plate 

4.  Particle  size  of  the  extinguishant  powder  and/or  bulk  density  of  the  dry  chem¬ 
ical  extinguishant 

5.  Temperature  of  the  heated  surface. 


Several  other  variables  were  identified  as  the  investigation  progressed. 
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TEMPERATURE  MEASUREMENTS 

Since  the  temperature  of  the  heated  plate  surface  was  one  of  the  major  independent 
variables,  accurate  values  for  this  parameter  were  essential,  and  a  knowledge  of  prevailing 
temperatures  adjacent  to  the  actual  surface  are  also  needed.  Initial  measurements  were  made 
using  a  metal  braided  chromel/alumel  thermocouple  held  in  contact  with  the  surface.  A 
representative  profile  of  the  temperatures  along  the  center  line  of  the  concave  plate  surface 
and  vertically  above  the  center  of  the  plate  are  shown  in  Figures  9  and  10,  respectively. 
Since  the  temperature  was  seen  to  change  so  abruptly  just  off  of  the  heated  surface,  it  was 
decided  that  only  by  directly  welding  a  thermocouple  to  the  plate  surface  could  accurate 
temperature  information  be  obtained.  To  obviate  thermocouple  failure,  two  chromel/ 
alumel  thermocouples  were  spot-welded  to  the  center  of  the  plate,  with  each  thermocouple 
junction  approximately  1  inch  apart  (see  Figure  4).  The  thermocouples  were  read  via  a 
10-inch  strip  chart  recorder,  and  the  strip-chart  trace  was  calibrated  directly  using  a  Leeds 
and  Northrup  special  Chromel/ Alumel  Thermocouple  Potentiometer.  Calibration  data  were 
taken  each  morning  prior  to  use.  over  a  range  of  temperatures  from  50°C  below  the 
minimum  to  be  used,  to  50°C  above  the  maximum  to  be  used,  at  50°C  increments  through¬ 
out  the  range  covered  (usually,  375  to  700°C.  or  b00  to  900°C).  Severe  corrosion  of  the 
chromel/alumel  thermocouples  was  noted  for  all  dry  chemical  reagents  at  the  higher  tem¬ 
peratures,  and  for  caustic  reagents  at  all  temperatures. 
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Figure  9  Temperature  Profile  Along  Center-Line  of  Heated 
Plate  Surface. 
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Not*:  A  small  movaabla  chromal/alumel  tharmocoupla 
junction  was  usad  to  chan  this  tamparatura  profile  verti- 
cailv  above  the  canter  of  the  heated  plate  surface. 

Figure  10.  Temperature  Profile  Vertically  above 
the  Center  of  the  Heated  Plate  Surface. 


EXPERIMENTAL  TECHNIQUE 

Several  experimental  techniques  were  tried,  but  eventually  one  was  selected  over  the 
others  and  retained  for  all  comparative  testing.  It  was  soon  noticed  that  repeatability  suf¬ 
fered  adversely  if  the  heated  surface  was  not  cleaned  thoroughly  between  experiments. 
This  was  most  apparent  for  compounds  that  formed  a  “crust”  over  the  plate  surface,  or 
reacted  with  (or  appeared  to  react  with)  the  metal  surface.  Therefore,  between  successive 
experiments,  the  excess  dry  chemical  from  the  previous  run  was  removed  using  a  vacuum 
cleaner,  the  plate  was  sprayed  liberally  with  distilled  water  in  order  to  dislodge  all  particles 
adhering  to  the  heated  surface  and/or  to  dissolve  soluble  deposits;  and  while  the  plate  was 
still  drenched  with  water  and  before  the  water  could  evaporate  from  the  hot  surface,  the 
plate  was  vacuum  cleaned  again.  The  front  cover  to  the  cavity  was  replaced,  and  the 
plate  allowed  to  reach  a  steady  preselected  temperature  ready  for  the  next  experiment, 
with  the  oxidant  flow  (either  pure  oxygen,  or  air,  or  preselected  mixtures  of  oxygen  and 
nitrogen)  adjusted  to  (usually)  2  SLPM  (standard  liters  per  minute)  of  gas  flow.  The  normal 
experimental  procedure  was  as  follows: 

1.  A  known  mass  of  extinguishant  powder  was  loaded  into  the  reservoir  of  the 
discharge  funnel,  taking  care  not  to  dislodge  any  powder  onto  the  clean  plate  surface.  When 
a  spillage  occurred,  the  plate  was  recleaned  as  above  and  left  to  temperature  equilibrate. 

2.  The  fuel  pump  was  turned  on  at  a  preselected  flow  rate. 
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3.  The  fuel  would  now  normally  ignite  within  1  to  3  seconds  depending  on  the 
plate  temperature.  At  the  moment  that  ignition  occurred,  the  dry  chemical  extinguishant 
was  discharged  (via  a  1 0-psig compressed  airline,  later  replaced  with  a  compressed  nitrogen 
discharge  line)  so  as  to  extinguish  the  flame.  If  the  flame  did  not  extinguish,  this  run  was 
terminated. 

4.  If  the  flame  did  extinguish,  then  the  fuel  pump  was  allowed  to  continue  pump¬ 
ing  fuel  onto  the  heated  surface;  the  time  between  the  moment  of  extinguishment  and 
subsequent  reignition  was  then  measured  and  noted.  If  no  reignition  occurred  within 
(usually)  1000  seconds,  the  run  was  terminated  by  switching  off  the  fuel  pump. 

The  overall  technique  described  by  steps  1  through  4  was  used  for  all  comparative  testing 
(data  described  below),  and  provided  a  precision  for  a  data  set  containing  up  to  12  points 
corresponding  to  a  standard  deviation  of  less  than  30%  of  the  mean  for  the  set,  and  often  as 
small  as  10%  of  the  mean.  When  data  points  lay  outside  the  range  of  the  mean  by  more  than 
two  standard  deviations,  then  these  points  were  discarded  (essentially  Chauvenet’s  Criterion), 
and  the  mean  was  recomputed.  This  process  was  not  repeated  a  second  time  for  any  one 
data  set.  Other  alternative  experimental  techniques  were  tried,  primarily  involving  changes 
in  steps  3  and  4;  these  consisted  of  the  following  variations: 

5.  In  step  3,  after  ignition,  the  flame  was  allowed  to  bum  continuously  until  the 
temperature  measured  from  the  thermocouple  which  was  welded  to  the  plate  eventually 
stabilized.  This  temperature  was  always  higher  (40  to  180°C)  then  the  initial  temperature 
set  for  the  plate,  due  to  the  exothermic  combustion  process  itself,  and  reduced  radiative  and 
convective  heat  losses  from  the  plate  by  shielding  from  the  flame  process.  The  extinguishant 
was  now  discharged,  and  the  reignition  delay  measured  as  before. 

6.  Another  variation  involved  step  3;  the  fuel  flow  having  been  initiated,  the 
extinguishant  was  discharged  immediately,  and  prior  to  ignition  of  the  flame,  and  the  time 
to  ignition  now  measured.  Where  flame  production  was  very  rapid  (high  temperatures),  the 
extinguishant  was  discharged,  and  immediately  following  this  (virtually  simultaneously)  the 
fuel  flow  was  turned  on  and  the  time  to  ignition  measured. 

All  methods  gave  qualitatively  similar  results;  the  final  variation  described  in  step  6 
was  rejected  since  it  did  not  allow  experimental  verification  of  the  extinguishant  power  of 
a  chemical,  merely  the  long  term  ability  to  control  a  flame  once  it  was  extinguished. 

The  method  described  in  step  5  gave  qualitatively,  and  quantitatively,  similar  data 
to  the  method  adopted  (steps  1  through  4,  inclusive),  but  suffered  one  drawback-lack 
of  knowledge  concerning  a  precise  value  for  the  initiating  temperature  of  the  plate  surface. 
Although  the  temperature  of  the  plate  did  stabilize  (±5°C),  there  was  no  prior  knowledge 
of  this  value,  and  temperature  was  no  longer  a  truly  independent  variable  under  these 
conditions. 


Temperature, 
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Typical  temperature  traces  from  the  thermocouple  output  using  the  experimental 
procedure  outlined  above  are  shown  in  Figures  11  and  12:  where  Figure  11  delineates  the 
trace  seen  from  the  experimental  procedure  adopted  (steps  1  through  4),  and  Figure  12  the 
trace  from  the  alternate  method  described  in  step  5  (flame-on  temperature  equilibration). 
Typical  data  collected  by  this  experimental  method  are  shown  in  Table  2. 
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Figure  1 1.  Temperature  Profile  as  a  Function  of  Time  for  the  Experimental 
Method  Adopted  for  the  Comparative  Testing  of  Extinguishants. 
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Figure  1  2.  Temperature  Profile  as  a  Function  of  Time  for  the 
Alternate  Experimental  Technique  Described  in  the  Text 
which  Involves  a  “Flame-On”  Equilibrium  Temperature. 


Table  2.  Typical  Experimental  Reignition  Delay  Data. 


Temperature, 

°C 

Reignition  delay  times,  sec 

Mean  ±  SD  (TJ-SD ) 

Data 

1 

•m 

3 

4 

5 

6 

7 
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269 

384 

436 

282 

r  J 
O 
ro 

335  ±  72(22) 

5 
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90 

145 

153  t  46  (30) 

6 
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123 

96 

72 

1 17  t  39 (34) 

5 
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30 

29 

56 

46 

37 

71 
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63  ±  32(51) 

for  1  2 

74 
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34 

59 

72 
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31 

29 
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MOTE  Reignition  delays  for  Potassium  Dawsonite,  built  density  0  8  g/ml.  200  mi  hr  of  JP-4  jet 
fuel;  lOg  shots  of  extinguishant;  2  SLPM  an  input  to  cavity  plate  surface;  delay  times  measured  in 
seconds,  temperature  m  ’C. 

N  B.  calculated  SD  values  and  means  are  rounded  values;  percent  SD  reflect  true  values  with  no 
round  in*. 
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FUEL  POLYMERIZATION  PROBLEMS 

JP-4  fuel  is  well  known  for  polymerizing  in  a  static  storage  system,  and  problems  were 
experienced  involving  deposition  of  an  insoluble  “waxy”  solid  inside  the  needle.  This  was 
particularly  prevalent  when  the  assemblage  was  infrequently  used.  It  was  therefore  cus¬ 
tomary  to  turn  on  the  fuel  pump  (at  the  maximum  flow  rate)  for  long  periods  (30  to 
60  minutes)  prior  to  the  first  experimental  run  of  the  day.  This  helped  to  clear  any  possible 
blockage  in  the  needle,  and  also  allowed  calibration  of  the  fuel  flow  rate  directly  by  actual 
measurements  of  volume  collected  over  a  relatively  long  time  period. 


FUEL  ATOMIZATION  TECHNIQUES 

One  final  experimental  modification  tried  was  the  incorporation  of  an  electrically 
driven  “vibrator”  attached  to  the  fuel  supply  needle.  The  rationale  for  this  approach  was 
that  fuel  -  jet  atomization  might  reduce  effects  attributed  to  fuel  -  jet  momentum  (scouring 
action,  and  splashing).  This  was  unsuccessful:  leading  to  an  increased  observed  standard 
deviation  for  a  data  set  to  the  point  where  the  collected  data  were  inadequate  for  our 
purposes. 


LOADING  DENSITY  OF  EXTINGUISH  ANT 
APPLIED  TO  THE  PLATE  SURFACE 

Since  all  of  the  extinguishant  is  discharged  (compressed  gas  ejection)  in  one  action, 
the  surface  density  of  extinguishant  applied  to  the  plate  varies  from  point  to  point  Surface 
density  distributions  were  determined  via  a  set  of  concentric  circular  containers  with  dia¬ 
meters  of  2.6,  5.2,  and  10.0  cm:  these  were  weighted  before  and  after  discharge,  and  the 
mass  collected  as  a  function  of  distributive  area  over  the  plate  was  determined.  The  center 
of  the  concentric  set  of  collection  containers  was  vertically  beneath  the  center  of  the 
extinguishant  delivery  cone,  which  itself  was  approximately  25  cm  above  the  collector  sur¬ 
face.  Data  obtained  are  shown  in  Table  3.  These  data  indicate  that  distributions  over  the 
plate  surface  are  relatively  uniform,  and  vary  both  with  bulk  density  and  particle  size  dis¬ 
tributions.  It  is  not  clear  why  the  higher  bulk  density  material  (commercially  supplied 
potassium  bicarbonate)  produces  an  overall  lower  surface  density  of  powder  compared  to 
potassium  Dawsonite.  However,  since  the  apparent  surface  density  measured  for  this  com¬ 
mercial  material  is  less  at  the  center  of  the  plate  when  compared  to  the  edges,  it  is  apparent 
that  the  powder  leaving  the  discharge  funnel  disperses  more  quickly.  The  higher  edge  den¬ 
sities  probably  reflect  the  fact  that  the  powder  has  hit  the  side  walls  of  the  cavity  and  is 
being  collected  by  the  outer  concentric  vessel  following  rebound  from  the  cavity  walls,  thus 
increasing  the  observed  surface  density.  Our  synthesized  material  (potassium  Dawsonite) 
has  not  been  treated  in  any  extensive  manner  to  either  increase  bulk  density,  or  to  maximize 
flow  characteristics,  and  thus  leaves  the  discharge  funnel  in  a  more  tightly  packed  dispersion 
mode.  This  both  increases  the  central  surface  density  and  minimizes  the  “rebound- 
collection”  behavioral  pattern  seen  for  the  commercial  powder.  This  is  further  emphasized 
when  data  for  different  particle  size  distributions  are  compared.  The  smaller  the  overall 


JTCG/AS-82-T-002 


particle  size  distribution,  the  smaller  the  noted  surface  densities  observed.  Although  two 
samples  are  shown  that  contain  100%  Pass  #325  ASTM  (American  Society  for  Testing 
and  Materials)  mesh,  we  have  no  knowledge  of  particle  size  distributions  below  this  figure, 
and  it  is  probable  that  the  commercial  powder  contains  a  higher  percent  composition  of 
small  particles  than  does  our  synthetic  potassium  Dawsonite.  This  helps  to  increase 
dispersion  at  discharge,  and  thus  reduce  central  surface  densities  at  the  expense  of  the  larger 
radii  measurements. 


Table  3.  Surface  Densities  of  Dry  Chemical  on  the  Heated  Plate  Surface. 


Purple-K®>fl 

Potassium  Dawsonite^ 

100  P325 

Sieved,  100%  P325 

Unsieved.  45 %  P325 

Shot  size  applied  to  the  heated  plate  surface47 

lOg 

I5g 

10g 

15g 

10g 

15g 

Surface  densities  measured  in  mg/cm- 

14  ±6 

37  ±6 

- 

54  +  30 

85  ±  20 

156  +  20 

26  ±  b 

47  ±  5 

- 

53  t  16 

85  ±  10 

128  ±  10 

31  ±5 

48  ±5 

- 

55  ±  12 

71  ±  5 

96+5 

Dry  Chemical 
Delivery  Cone 


35 


cm 


—  2.6  — 

— 5.2 - 

- — 10.0  cm— 


aAnsul  Corp.  KHCO-j,  all  particles  will  pass  an  =325  mesh  sieve;  bulk  density  ca.  1.3  e/ml. 
^Potassium  Dawsonite,  KAKOHliCOj,  bulk  density  ca.  0.8  g/ml. 

^Surface  densities  measured  in  mg/cmj. 


SELF-IGNITION  PROBLEMS 

To  test  a  dry  chemical  powder  for  extinguishant  action,  the  JP-4  fuel  has  to  ignite 
initially  (self-ignition):  and  for  comparative  measurements  of  reignition  delays,  it  is  impor¬ 
tant  that  any  self-ignition  delay  be  negligible  compared  to  the  reignition  delay.  It  was 
found  to  be  impossible  to  obtain  self-ignition  spontaneously  and  reproducibly  in  times  of 
less  than  5  seconds  at  any  temperatures  below  ca.  650°C,  using  air  as  the  oxidant.  Con¬ 
siderable  investigation  of  fuel  flow  parameters,  fuel  delivery  modes,  fuel  droplet  sizes,  air 
delivery  to  the  cavity,  and  changes  in  fuel  identities  (JP-4  mixed  with  varying  amounts  of 
methanol,  acetone,  diethyl  ether,  ethanol,  propanol,  ethyl  acetate,  tetrahydrofuran,  and 
toluene;  and  pure  components)  did  not  change  this  fact.  In  order  to  investigate  the  tem¬ 
perature  dependencies  of  extinguishant  efficiencies  over  a  realistic  temperature  range  (down 
to  400°C),  it  was  necessary  to  have  successful  self-ignition  at  lower  temperatures  than 
650°C.  Thus,  oxygen  input  to  the  cavity  was  tried,  and  found  (after  some  experimental 
modifications  and  refinements  to  the  basic  cavity)  to  yield  successful  repeatable  self-ignition 
at  temperatures  down  to  370°C.  However,  above  approximately  650  to  700°C.  the  noted 
reignition  delay  times  were  so  short  that  no  differentiation  could  be  obtained  from  system 
to  system.  Thus,  resort  was  made  to  normal  air-oxidation  above  ca.  700°C,  and  oxygen- 
input  methods  below  this  temperature.  It  is  realized  by  the  authors  of  this  report  that 
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partial  pressures  of  oxygen  in  excess  of  0.21  are  not  realistic  conditions  pertaining  to  tire 
control  in  engine  nacelles,  but  this  experimental  procedure  does  provide  us  with  a  severely 
differentiating  mode  of  investigation  for  assessing  the  effectiveness  of  any  extinguishant. 
and  does  provide  access  to  experimental  temperatures  below  600°C  that  would  otherwise 
be  denied  to  us.  Further,  it  appears  that  the  ranking  order  for  a  set  of  extinguishants 
remains  suDstantially  unchanged  for  experiments  at  ca.  500°C  in  oxygen,  and  at  ca.  700°C 
in  air,  and  that  temperature  dependencies  are  similar  enough  to  allow  such  ranking  orders 
to  be  compared  meaningfully.  This  aspect,  and  the  effects  of  plate  surface  temperature  as  a 
variable  (Arrhenius  and  non-Arrhenius  behavior),  will  be  discussed  later. 


SHOT-MASS  DEPENDENCIES 

To  determine  relative  extinguishant  efficiencies,  it  is  necessary  to  determine  the  func¬ 
tional  dependence  of  the  reignition  delay  on  the  mass  of  extinguishant  delivered  to  the  fire. 
If,  in  the  simplest  case,  a  limiting  value  is  apparent,  then  this  parameter  can  be  standardized 
easily;  if  not,  an  arbitrary  test  quantity  must  be  chosen  in  the  light  of  other  data.  Both 
of  these  behavioral  patterns  were  seen,  depending  on  whether  the  fuel  jet  was  incident  on 
the  heated  surface  at  angles  that  were  normal  (90  degrees)  to  the  surface,  or  obliquely  tan- 
gental  to  the  surface  so  as  to  provide  a  strong  scouring  effect  to  cleanse  the  surface  of  dry 
powder.  Not  surprisingly,  the  tangential  scouring  action  provided  by  a  fuel  jet  incident  on 
the  curved  side  of  the  heated  plate  yielded  a  shot-mass  dependence  that  exhibited  a  “plateau 
effect”,  the  threshold  of  the  plateau  being  a  function  of  the  ability  of  the  dry  powder  to  cling 
to  the  heated  surface  and  not  be  dislodged  by  the  kinetic  energy  of  the  fuel  jet.  Examples 
of  both  behavioral  patterns  are  shown  in  Figures  13  (plateau  effect,  tangential  fuel  jet)  and 
14  (linear  dependence  with  fuel  jet  normal  to  surface)  for  oxygen  enriched  ignition  at 
temperatures  in  the  range  of  400  to  600°C.  There  are  no  qualitative  changes  in  behavior 
at  higher  temperatures,  or  for  air  combustion  rather  than  oxygen  enriched  atmospheres. 
Figure  15  shows  a  more  detailed  experimental  sequence  taken  at  800°C  using  an  iodide 
loaded  potassium  Dawsonite  dry  chemical  under  conditions  of  air  oxidation.  (Note  the 
absolute  magnitudes  of  the  delays  recorded  for  this  very  effective  compound  even  at  these 
high  temperatures,  >1,400°F.) 


Mass  of  txtinguisham  usad,  grams 

Figure  13.  Shot-Mass  Dependence  for  the 
Reignition  Delay  Caused  by  Commercially 
Supplied  Potassium  Bicarbonate.  (The  Fuel 
Jet  is  Applied  Tangentially  to  the  Heated 
Plate  Surface.) 
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POWDER  PREPARATION  TECHNIQUES 

Pure  reagent  chemicals  and  those  synthesized  by  us  were  prepared  by  ball  milling  and 
sieving  techniques,  using  standard  procedures.  It  was  usual  to  add  approximately  \'k  by 
weight  of  finely  ground  fumed  silica  (supplied  commercially -100%  will  pass  a  400-mesh 
ASTM  sieve,  bulk  density  ca.  0.05  g/ml)  to  enhance  flow  properties  and  retard  any  potential 
water  absorption.  Bulk  densities  were  measured  by  filling  a  graduated  cylinder  with  a  known 
mass  of  powder,  tapping  the  base  of  the  capped  cylinder  gently  on  a  hard  surface  for  60  sec¬ 
onds,  and  calculating  the  apparent  density  from  the  final  volume  achieved.  Powders  so  pre¬ 
pared  were  either  used  directly  unsieved  (typically,  ca.  35  to  45%  at  Pass-325  ASTM  mesh, 
100%  Pass- 170  ASTM  mesh),  or  separated  into  constant  fractions  containing  well  defined 
particle  sizes  using  Numbers  400,  325,  230,  and  170  ASTM  mesh  sieves.  No  additives  to 
enhance  bulk  densities  were  used  for  any  reagent  chemicals  or  synthesized  materials,  and 
commercial  powders  were  used  directly  as  received  from  the  manufacturer. 


BULK  DENSITY  AND  PARTICLE  SIZE  EFFECTS 

Among  the  principal  physical  quenching  effects  are  those  attributed  to  thermal 
dilution  (heat  capacity  effects  pertaining  to  crystal  structure  changes,  chemical  decomposi¬ 
tion,  phase  change  phenomena,  and  thermal  reservior  effects),  and  to  third-body  effects 
associated  with  gas  phase  radical  recombination  reactions.  The  first  mechanism  is  a  species- 
dependent  phenomenon,  and  is  difficult  to  investigate  in  experimental  isolation  or  indeed 
to  separate  from  purely  chemical  species-dependent  effects.  Moreover,  it  is  difficult  to 
distinguish  purely  physical  phenomena  such  as  crystal  decrepitation  and  subsequent  thermal 
reservoir  effects  produced  by  chemical  decomposition  from  necessarily  associated  chemical 
aspects  involving,  for  example,  carbon  dioxide  gas  release  from  carbonates  and  consequent 
“blanketing”  effects  (a  physical  mode)  induced  by  the  chemical  (CCH  gas)  reducing  local 
concentrations  of  oxidant  and/or  fuel  derived  species  producing  the  flame.  We  have  used  the 
rather  loose  criterion  that  if  a  chemical  product  derived  from  the  extinguishant  takes  part  in 
(interferes  with)  any  of  the  flame  producing  reactions,  then  this  is  classified  as  a  chemical 
effect.  Thus,  by  this  definition,  local  CO^  gas  production  and  consequent  physical  occlusion 
of  flame  reactions  will  be  classified  as  a  physical  quenching  mode. 

The  second  general  phenomenon  mentioned  above,  that  of  third-body  collision 
reservoirs,  should  be  a  direct  function  of  particle  size.  Firstly,  the  more  particles  per  unit 
mass,  the  greater  the  probability  of  inducing  third-body  collisions  (this  will  involve  both 
number  density  effects  and  surface  area  effects).  Secondly,  the  smaller  the  particle,  the 
longer  that  particle  should  stay  suspended  in  the  gas  phase  and  thus  the  longer  it  can  affect 
homogeneous  gas  phase  reactions.  Finally,  it  is  possible  that  physical  and  chemical  decom¬ 
position  (thermal  dilution  effects)  will  be  enhanced  by  smaller  particle  sizes.  An  associated 
phenomenon  is  one  of  bulk  density.  The  denser  the  particles,  the  more  easily  they  will 
penetrate  to  the  base  of  the  flame  and  thus  to  the  core  of  the  flame  generation  region. 

The  difficulties  of  investigating  the  effects  of  bulk  density  independently  of  the 
effects  introduced  by  particle  size,  and  vice-versa,  needs  to  be  emphasized.  The  bulk  density 
is  a  sensitive  function  of  the  particle  size;  changing  the  particle  size  distribution  by  sieving 
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immediately  alters  the  apparent  bulk  density  of  the  resulting  powder.  Accordingly,  we 
elected  to  separate  a  test  powder  into  relatively  narrow  particle  size  distributions  (using 
ASTM  sieves  numbered  170,  230,  325,  and  400),  and  adjust  the  apparent  bulk  densities 
of  these  fractions  to  a  constant  value  by  the  addition  of  a  low  density  (0.05  g/ml)  fumed 
silica  flow  agent.  In  a  second  experimental  sequence,  we  selected  one  particle  size  distri¬ 
bution  and  prepared  a  sequence  of  samples  with  bulk  densities  varying  over  the  range  of 
ca.  0.35  to  1.4  g/ml  by  addition  of  the  same  fumed  silica  additive.  Preliminary  experiments 
clearly  indicated  that  the  fumed  silica  additive  did  not  of  itself  act  either  as  an  extinguishant 
or  an  inhibition  agent  and  could  thus  be  treated  as  an  “inert”  additive.  For  this  second 
experimental  sequence,  since  significant  portions  of  flow  agent  were  added  to  some  of  the 
low  density  samples,  the  mass  of  each  shot  delivered  for  each  determination  of  the  RIDT 
values  was  adjusted  such  that  the  quantity  of  “active”  dry  chemical  delivered  was  identical 
and  equivalent  to  that  delivered  for  the  highest  density  sample.  Data  from  these  particle  size 
and  bulk  density  studies  are  summarized  in  Table  4,  Figure  16  (particle  size  study)  and 
Figure  17  (bulk  density  study).  A  commercially  supplied  potassium  bicarbonate  based  dry 
chemical  was  used  to  obtain  the  data  in  Figures  16  and  17,  and  a  reagent  grade  aluminum 
hydroxide  based  material  prepared  by  us  was  used  to  obtain  the  data  in  Table  4. 


Table  4.  Investigation  of  the  Effects  of  Bulk  Density  and  Particle 
Size  on  the  Reignition  Delays  for  Potassium  Dawsonite 
at  Various  Temperatures. 


KD  sample  type 

750°C 

800°C 

900°  C 

1.  1007?  P325  0.9  g/ml 

94  ±  18 

42  ±  2 

12  ±  3 

2.  37%  P325  1.2  g/ml 

40  ±  14 

19  t  6 

12  ±  3 

3  3T'c  P325  0.9  g/ml 

27  ±  8 

21  +  2 

7  +  1 

NOTh  .  10*  shot  size  in  each  case,  200  ml'hr  JP-4  fuel  flow.  2  SLPM  airflow  Samples  contain 
Y*  b>  weigh  t  of  commercially  supplied  flow  agent. 


These  data  clearly  indicate  that  bulk  density  effects  are  small  in  our  static  testing 
assemolage.  although  this  parameter  may  become  important  if  the  dry  powder  has  to  be 
delivered  to  the  fire  over  a  long  distance  (“throw”),  or  if  the  fire  occurs  in  conditions  of 
considerable  turbulence  where  penetration  to  the  initiation  point  of  the  fire  is  important. 
However,  particle  size  effects  were  seen  to  be  important,  producing  marked  changes  in  the 
observed  reignition  delay.  This  general  effect  had  already  been  noted  by  several  earlier 
investigators  i  Reference  4),  although  their  data  were  obtained  from  conventional  labora¬ 
tory  mechanistic  studies  of  flame  quenching  rather  than  the  simulated  fire  control  con¬ 
ditions  used  herein.  However,  their  data  did  not  exhibit  the  marked  dependence  shown 
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in  Figure  16.  Since  the  effect  is  virtually  discontinuous  at  a  particle  distribution  that  passes 
through  a  400  mesh  ASTM  sieve,  and  since  we  know  nothing  of  the  particle  distribution 
in  this  fraction  (>38  /jm),  it  is  impossible  to  predict  further  behavior. 


Mean  particle  diameters,  Mm 

Note:  JP-4  fuel  flow  at  250  ml/hr;  oxygen  flow  rate  at  1.5  SLPM; 
temperature  400*0;  shot  mass  size  used  for  each  determination  was  4g. 


Legend: 

A  —  Pass  400  mesh  ASTM  sieve 
B  -  Pass  325/not  Pass  400  sieve 
C  —  Pass  230/not  Pass  325  sieve 
D  —  Pass  1 70/not  Pass  230  sieve 
E  -  Not  Pass  1 70  ASTM  sieve 


<38  Mm  particle  size 
38  to  45  Mm  particles 
45  to  63  Mm  particles 
63  to  90  pm  particles 
>90  pm  particles 


Figure  16.  Reignition  Delay  for  Commercially  Supplied  Potassium 
Bicarbonate  as  a  Function  of  the  Particle  Diameter. 


CSC 


y.V.Vw 
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Note:  The  bulk  density  was  changed  by  addition  of  a  silica  flow  agent 
keeping  the  particle  size  distribution  constant  throughout;  JP-4  fuel  flow  at 
250  ml/hr;  oxygen  flow  rate  at  1.5  SLPM;  temperature  400^0;  4g  samples 
used  for  each  of  the  determinations. 

Figure  17  Dependence  of  the  Reignition  Delay  on  the  Bulk  Density  of  a 
Commercially  Supplied  Potassium  Bicarbonate  Dry  Powder  Extinguishant. 


OXYGEN  FLOW  RATE  STUDIES 

To  attain  self-ignition  temperatures  below  650°C.  we  found  it  necessary  to  inject 
oxygen  into  the  vapor  space  above  the  heated  plate  surface.  Obviously,  the  partial  pressure 
of  oxidant  will  be  a  fundamental  parameter,  and  a  brief  study  was  initiated  to  determine 
the  dependence  of  reignition  delays  on  the  effective  partial  pressure  of  oxygen  (as  measured 
by  its  How  rate  into  the  cavity)  over  a  range  from  1.5  to  3  5  SLPM.  These  data  are  shown 
in  Figure  18,  where  JP-4  fuel  at  200  ml  hr  was  allowed  to  contact  a  heated  surface  at 
400°C.  the  sample  used  was  a  commercially  supplied  potassium  bicarbonate  dry  powder 
with  5g  shots  of  this  chemical  being  used  for  each  determination. 
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Oxygen  flow  rate,  SLPM 

Figure  1 8.  Dependence  of  the  Reignition  Delay 
Time  for  Commercially  Supplied  Potassium 
Bicarbonate  Extinguishant  as  a  Function  of  the 
Oxygen  Partial  Pressure  Above  the  Heated  Plate 
Surface  (Measured  in  Terms  of  the  Oxygen  Flow 
Rate  Into  the  Vapor  Space  Above  the  Heated 
Plate). 


It  should  also  be  noted  at  this  point  that  use  of  oxygen  (low  into  the  combustion 
cavity  in  order  to  lower  the  self-ignition  temperature  provided  an  excellent  “differentiating" 
effect.  Systems  that  apparently  exhibit  similar  properties  under  oxidation  by  air  will  pro¬ 
duce  a  wide  range  of  reignition  delays  using  oxygen.  As  will  be  seen  in  a  later  section, 
ranking  of  extinguishants  in  order  of  effectiveness  appears  to  be  independent  of  oxygen 
partial  pressure.  Finally,  it  should  be  noted  that  for  low  temperatures  and/or  extinguishants 
that  produce  long  reignition  delays,  the  JP-4  vaporized  fuel  concentration  can  build  to  high 
levels  in  the  presence  of  oxygen  atmospheres-a  potentially  dangerous  situation  for 
unvented  cavities,  or  inadequate  hood  ventilation.  Under  these  conditions,  reignition  can 
often  bi  accompanied  by  a  violent  detonation.  It  was  noted  that  detonation  was  most 
prevalent  for  the  initial  experimental  runs  in  an  essentially  cold  cavity  (see  “Hysteresis 
Effects”  in  a  later  section  of  this  report)  at  low  temperatures;  for  temperatures  of  500° C 
and  above,  reignition  took  place  smoothly,  and  was  a  scarcely  audible  process. 


VV 
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EFFECTS  OF  AIRFLOW  ACROSS  THE  HEATED  PLATE  SURFACE 

To  prevent  excess  fuel  hampering  combustion  processes  (fuel/oxidant  ratio  effects), 
a  stream  of  air  was  supplied  to  the  plate  surface.  This  airstream  was  supplied  at  rates  ranging 
from  1.5  to  9.0  SLPM.  At  high  airflows,  in  excess  of  6  SLPM,  definite  turbulent  effects 
could  be  seen,  and  the  reignition  delay  began  to  increase  markedly.  For  airflows  between 
1 .5  and  approximately  6  SLPM,  a  smooth  decrease  in  reignition  delay  was  seen,  similar  to 
that  already  noted  for  oxygen  inputs  to  the  cavity  (described  previously).  This  smooth 
decrease  also  followed  a  “reciprocal  concentration”  function  second-order  kinetic  plot 
resembling  that  shown  in  Figure  18.  Data  from  this  phase  of  the  investigation  are  shown  in 
Table  5  and  Figure  19  (also  shown  in  Figure  19  are  self-ignition  delays  as  a  function  of 
airflow). 


Table  5.  Effects  of  Airflow  Across  the  Heated  Plate  Surface  on 
the  Measured  Reignition  Delay. 


Airflow, 

SLPM 

Airflow 

velocity, 

ft/sec 

Measured  reignition  delays.^  sec 

Set  1 

Set  : 

1.5 

1.7 

39 ±  8  (4) 

2.0 

2.3 

34  t  6  (4) 

3.0 

3.5 

32 ±  3  (4) 

4.0 

4.6 

24 ±  5  (4) 

5.0 

5.8 

22  ±  7  (4) 

6.0 

7.0 

21  ±  4  (3) 

24 ±  3  (4) 

7.0 

8.1 

25  ±  5  (4) 

22  ±  4  (4) 

7.5 

8.7 

46  ±  17  (5) 

8.0 

9.3 

65  ±  29  (5) 

43  ±  23  (4) 

8.5 

9.9 

44  ± 33  (3) 

9.0 

10.4 

93  ±  40  (4) 

54  ±  25  (4) 

aNumbers  in  parentheses  are  the  number  of  points  in  each  data  set.  errors  shown  are 
calculated  simile  standard  deviations  over  the  data  set  taken. 

NOTE.  Commercially  supplied  potassium  bicarbonate  dry  powder;  5e  shots  used  for 
each  reiymtion  delay  determination.  200  inl'hr  JP-4  fuel  flow  to  heated  plate  at  7?0'C. 


Using  the  assumption  of  nonturbulent  flow  for  the  gas  stream  exiting  from  the  holes 
in  the  stainless  steel  gas  entry  tubes,  an  approximate  flow  rate  across  the  plate  surface 
can  be  calculated. 


For  an  airflow  input  of  A  SLPM  to  the  assemblage,  the  airflow  is  divided  between 
two  tubes  containing  22  exit  holes,  each  ranging  between  0.064  and  0.069  inches  in  diam¬ 
eter,  with  a  weighted  mean  diameter  of  0.065  inch.  Assuming  laminar  (non  turbulent) 


JTCG/AS-82-T-002 


How,  then  a  cylinder  of  air  will  be  propagated  at  each  exit  hole  with  a  total  volume  of 
(A/22)  liters  each  minute  corresponding  to  2.774  x  A  in^/min.  This  cylinder  will  have  an 
area  of  3.318  x  10^  sq  in  (corresponding  to  a  diameter  of  0.065  inch),  and  thus  a 
propagated  length  of  836  x  A  inches  each  minute,  or  1.16  x  A  ft/sec.  This  will  be  an 
approximate  value  for  the  dynamic  airflow  across  the  heated  plate  surface. 


Airflow,  ft/sec 

Figure  19.  Dependence  of  the  Reignition  Delay  on 
the  Airflow  Velocity  Across  the  Heated  Surface. 
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Although  the  numbers  generated  are  small  (2  to  10  ft/sec)  compared  to  real  airflows 
expected  lea.  350  ft/sec  according  to  Table  1)  in  aircraft  engine  nacelles,  reignition  delay 
data  do  reflect  interference  from  this  source,  and  serve  to  emphasize  the  need  for  data 
from  a  dynamic  facility. 

Since  self-ignition  became  a  severe  problem  at  high  airflow  rates  (in  excess  of 
9  SLPM),  a  high  testing  temperature  was  chosen  (750°C),  and  data  collection  was  termi¬ 
nated  above  9  SLPM  airflow.  The  data  exhibit  an  obvious  change  at  ca.  6  SLPM,  and  in  gen¬ 
eral,  2  or  3  SLPM  airflows  were  chosen  for  all  measurements.  The  reignition  delay  was  not 
particularly  sensitive  to  airflow  rates  (approximately  4  seconds  change  per  unit  SLPM 
change  in  airflow),  a  negligible  number  compared  to  actual  reignition  delays  (corresponding 
to  less  than  10%/SLPM  flow  rate,  less  than  the  usual  standard  deviations  for  data  sets). 
This  number  may  be  compared  to  ca.  25  sec/SLPM  change  in  oxygen  flow  (corresponding 
to  ca.  50Sfc/SLPM  change)  noted  above. 


FUEL  FLOW  STUDIES 

Since  the  combustibility  of  fuel/oxidant  mixtures  depends  markedly  on  the  ratio  of 
fuei-to-oxidant,  it  was  necessary  to  determine  the  effects  of  fuel  flow  rates  on  the  reignition 
delay.  This  was  done  by  varying  the  pumping  speed  of  the  fuel  delivery  assemblage  over  the 
range  50  to  500  ml/hr  of  JP-4  fuel,  and  measuring  the  reignition  delay  as  indicated  above. 
Two  primary  data  sets  were  collected,  one  for  air  oxidation,  and  one  for  oxygen  inputs  to 
the  cavity.  These  data  are  shown  in  Figures  20  and  21,  respectively.  Behavioral  patterns  are 
drastically  different  in  each  case,  reflecting  the  overall  fuel-to-oxygen  ratios  in  each  case. 
However,  it  should  be  noted  that,  within  the  experimental  errors  indicated  (Figure  20). 
the  magnitude  of  the  fuel  flow  rate  to  the  heated  surface  had  little  effect  when  combustion 
took  place  in  air. 


HYSTERESIS  EFFECTS  ON  THE  REIGNITION  DELAY 

Since  the  reignition  process  probably  involves  both  homogeneous  and  heterogeneous 
processes,  the  cavity  walls  will  influence  the  reignition  delay.  It  was  observed  that  as  the 
temperature  of  the  cavity  walls  increased  from  initial  ambient  values  of  the  laboratory  to 
temperatures  in  excess  of  200°C  at  the  end  of  the  day  (after  8  to  10  hours  of  use),  the 
reignition  delay  for  a  standard  system  decreased  markedly  (by  as  much  as  40‘f ).  This 
effect  was  labelled  as  a  “hysteresis"  or  “memory"  effect,  and  must  be  allowed  for  in  for¬ 
mulating  a  ranking  order  within  a  data  set.  Data  are  summarized  in  Table  6. 

To  obviate  such  changes  during  an  experimental  sequence,  it  was  customary  to  turn 
on  the  heating  for  the  cavity  plate  several  hours  prior  to  the  initiation  of  any  experimental 
work,  and  allow  the  cavity  to  achieve  some  form  of  temperature  equilibration  prior  to 
taking  any  measurements.  Data  in  Table  6  also  serve  to  illustrate  the  day-to-day  repro¬ 
ducibility  obtainable,  and  the  relative  precision  achieved,  with  this  experimental  assemblage. 


JTCG/AS-82-T-002 


REGRESSION  LINE 
THROUGH  Ml  POINTS 


I.  REGRESSION  LINE  WITHOUT 
CENTER  TWO  POINTS 


Fur!  flow,  ml/hr 

Note  10g  shots  of  commercially  supplied  potassium 
bicarbonate  dry  powder  warn  used  for  each  determin- 
ation;  S.O  SLPM  of  air  into  cavity:  bulk  density  of 
powder  was  1 .3  g/ml;  heated  plate  surface  at  700“  C. 

Figure  20.  Dependence  of  the  Reignition 
Delay  for  a  Commercially  Supplied  Potas¬ 
sium  Bicarbonate  Dry  Powder  on  JP-4 
Fuel  Flow  Rate  in  an  Atmosphere  of  Air. 


Q-  $(  skats  e<  KHCOj 
|-  10(  skats  af  KHCOj 


Fuel  flow  rata,  ml/hr 

Note:  Two  data  sets  are  shown,  one  for  5q  shots 
of  the  powder,  and  the  other  for  10q  shots  of  the 
commercially  supplied  potassium  bicarbonate  dry 
powder:  in  each  case,  the  heated  surface  was  at 
500“C;  bulk  density  of  the  powder  was  1.3  9/ml: 
and  oxygen  flow  rate  was  2.0  SLPM. 

Note  the  distinctive  change  in  slope  at  ca.  50  to 
100  ml/hr,  this  corresponds  approximately  to 
the  stoichiometric  barrier  for  JP-4  oxidation 
(ca.  60  ml/hrl.  Such  abruot  changes  m  slope  often 
denote  a  change  m  mechanism  for  a  reaction. 

Figure  21.  Dependence  of  the  Reignition 
Delay  for  a  Commercially  Supplied  Potas¬ 
sium  Bicarbonate  Dry  Powder  on  JP-4 
Fuel  Flow  Rate  in  an  Oxygen  Atmosphere 


■Ovv'  i/\Vvv, 
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Table  6.  Hysteresis  Effects  on  the  Reignition  Delay  Time. 


Day  1 

Day  2 

Day  4 

(2  August  1976) 

(3  August  1976) 

(5  August  1976) 

Early  a.m. 

Late  p.m. 

Early  a.m. 

Late  p.m. 

Early  a.m. 

Late  p.m. 

67 

53 

75 

52 

65 

46 

60 

51 

67 

43 

77 

48 

59 

49 

74 

48 

60 

52 

60 

57 

67 

53 

53 

51 

71 

57 

70 

51 

58 

[311° 

63 

72 

55 

51 

54 

48 

63  ±  5  (8%) 

53  ±  4  (8%) 

71  ±  3  (57c) 

51  ±4(8%) 

63  ±  9  ( 1 4% ) 

49  ±  3  (5%  ) 

ratio  1:1.2 

ratio  1:1.4 

ratio  1 : 1 .3 

^Rejected  in  calculating  mean  and  standard  deviation. 

NOTE:  Measured  reignition  delays  (in  seconds)  induced  by  a  commercially  supplied  potassium  bicarbonate 
dry  chemical  agent.  All  such  material  has  been  passed  through  a  325  ASTM  sieve  ( <45  microns).  5g  sample 
shots  of  dry  powder  were  used  for  each  determination.  Cavity  volume  is  ca.  5  liters:  heated  surface  at  40<f  C ; 
200  ml/hr  of  JP-4  fuel,  with  2.25  SLPM  of  oxygen  into  the  cavity. 


This  hysteresis  effect  also  became  obtrusive  during  an  experimental  run  involving 
several  different  temperatures.  If  a  sequence  was  initiated  with  the  dependent  variable 
temperature  altered  in  ascending  order,  reignition  delays  would  exhibit  an  “expanded" 
range  compared  to  those  obtained  under  apparently  identical  conditions  but  where 
temperatures  were  changed  in  descending  order.  Consequently,  all  experiments  delineated  in 
this  report  were  obtained  with  ascending  temperature  sequences  to  provide  some  degree  of 
comparability. 

This  demonstration  of  an  apparent  “hysteresis”  effect  also  emphasizes  the  importance 
of  extinguishing  a  flame  at  the  earliest  possible  moment,  to  prevent  a  general  temperature 
rise  in  all  of  the  surrounding  surfaces,  and  thus  severe  curtailment  of  fire  control  by  a  poten¬ 
tial  extinguishant. 


STORAGE  STABILITY  OF  CHEMICALS 

The  acceptability  of  potential  dry  chemical  fire  extinguishants  with  respect  to  de¬ 
lineated  storage  requirements  was  judged  via  compliance  with  the  published  physical  con¬ 
stants  for  the  compounds  concerned,  and  via  TGA  (thermogravimetric  analysis)  data 
methods  obtained  by  the  investigators  for  each  compound  tested.  Significant  weight  loss 
<>5  r)  at  temperatures  below  120°C  automatically  violates  current  storage  requirements. 
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and  similar  weight  loss  at  temperatures  up  to  260°C  would  violate  those  requirements 
delineated  for  advanced  aircraft.  Thus,  chemicals  with  melting  points  or  sublimation  tem¬ 
peratures  that  would  conflict  with  these  limits,  by  producing  significant  vapor  pressures  or 
undergoing  a  first  or  second  order  thermochemical  phase  change,  would  prove  unsatisfac¬ 
tory  for  storage.  Water  loss  (effioresence)  and  water  absorption  (deliquescent  and/or  hygro¬ 
scopic  properties)  will  also  preclude  compliance  with  the  storage  requirements.  Some 
physical  parameters  for  various  potential  dry  chemical  fire  extinguishants  are  given  in 
Table  7. 


Table  7.  Some  Physical  Parameters  of  Potential  Fire  Extinguishants. 


Sample  description  and  supplier*2 

Bulk 

density.  ^ 
g/ml 

M.  Pt  and/or  B.  Pt. 

°C 

KHCO3  Ansul  Corp.  “Purple-K" 

1.24 

100  to  200  decomposition 

KHCO3  Ansul  Corp.  “X”  (high  density) 

1.35 

100  to  200  decomposition 

K0CO3  Ansul  Corp.  (commissioned) 

1.22 

891 

NH4H1PO4  Ansul  “Foray” 

1.18 

190 

NH4H2PO4  PyroChem  TUW- 1 56 

1.16 

190 

NaCl  PyroChem  “BCD-Orange” 

1.36 

801 

KC2h3n2°3  1 C  l  Ltd.  “Monnex” 

0.88 

... 

KC1  PyroChem  “Super-K" 

1.42 

776 

SnCli-2H->0  Reagent  Grade  +  1 %  w/w  f'.a.c 

1.55 

38 

Na2WO4‘2H20  Reagent  Grade  +  1 %  w/w  f.a. 

2.11 

Na2W04  Reagent  Grade  +  50%  w/w  f.a. 

2.17 

098 

Tin  Oxide  Reagent  Grade 

3.26 

1080  decomposition 

Tin  Iodide  Reagent  Grade 

1.77 

320  717 

Tin  Iodide  Laboratory  Synthesis/ 1%  w/w  f.a. 

2.69 

320  717 

Kl  Reagent  Grade  +  1 .5%  w/w  f.a. 

1.95 

686 

Nal  Reagent  Grade  +  1.5%  w/w  f.a. 

2.02 

651  hygroscopic 

KD^  with  1.0%  w/w  f.a. 

0.75 

270  to  320  decomposition 

KD  with  1.5%  w/w  f.a. 

0.84 

270  to  320  decomposition 

(CD  with  2.0%  w/w  f.a. 

0.88 

270  to  320  decomposition 

KD  +  9%  tin  iodide  +  1%  w/w  f.a. 

0.85 

270  to  320  decomposition 

KD  +  1 7%  tin  iodide  +  1%  w/w  f.a. 

0.96 

270  to  320  decomposition 

NaD^  with  1%  flow  agent 

0.85 

240  to  290  decomposition 

NaD  +  1%  tin  iodide  +  1%  f.a. 

0.88 

240  to  290  decomposition 

NaD  +  5%  tin  iodide  +  1%  f.a. 

0.89 

240  to  290  decomposition 

NaD  +  10%  tin  iodide  +  1%  f.a. 

0.93 

240  to  290  decomposition 

NaD  +  20%  tin  iodide  +  1%  f.a. 

1.04 

240  to  290  decomposition 

NaD  +  40%  tin  iodide  +  1%  f.a. 

1.28 

240  to  290  decomposition 

NaD  +  60%  tin  iodide  +  1%  f.a. 

1.42 

240  to  290  decomposition 

NaD  +  80%  tin  iodide  +  1%  f.a. 

1.74 

240  to  290  decomposition 

aAU  powders  ground,  sieved,  and  passed  through  an  ASTM  «325  mesh  ( <45  pm). 

^Probable  error  in  bulk  density  :  0.03  units. 

c"f.j.”  is  used  for  "silica  How  agent”  (bulk  density  <0.06  g/ml). 

J“D"  is  used  for  the  Dawsomtc  amon,  [AKOHliCOj]-. 
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COMPARATIVE  TESTING  OF  POTENTIAL  EXTINGUISH  ANTS 

The  experimental  static  testing  assemblage  described  previously  was  now  used  to 
determine  the  relative  effectiveness  of  various  chemicals  in  extinguishing  a  (lame,  and  pre¬ 
venting  reignition  of  this  flame  even  though  JP-4  fuel  was  still  being  pumped  onto  the  hot 
surface.  The  reigmtion  delay  observed  can  be  related  to  the  competitive  scavenging  reactions 
induced  by  the  extinguishant  chemical  in  controlling  flame  propagation  reactions,  and  is 
thus  a  fundamental  descriptive  parameter  of  the  system  from  which  meaningful  deductions 
can  be  drawn.  Although  the  absolute  magnitude  of  the  reignition  delay  will  depend  on  the 
experimental  parameters  already  delineated  above,  the  relative  magnitudes  for  one  chemical 
compared  to  another  will  provide  us  with  a  true  measure  of  fire  control  performance.  Since 
we  are  primarily  concerned  with  relative  performance  of  each  system  tested,  we  need  to  be 
able  to  standardize  the  performance  of  our  experimental  assemblage.  We  chose  to  do  this  by 
measuring  the  reignition  delay  for  a  standard  compound  each  day,  or  at  the  beginning  of 
any  sequence  of  self-consistent  measurements,  whichever  occurred  sooner.  Since  potassium 
bicarbonate  proved  to  be  one  of  the  most  effective  commercially  available  dry  chemical  fire 
extinguishants  ( Ansul  Corp  “Purple-fC5  ”),  and  we  had  a  large  supply  in  one  batch,  we  chose 
this  as  one  standard.  However,  at  high  temperatures,  this  chemical  was  very  corrosive  to  the 
plate  surface  and  particularly  to  the  thermocouples  welded  to  the  plate.  To  obviate  corro¬ 
sion  problems,  we  used  a  second  standard,  aluminum  hydroxide  (“Gibbsite”)  supplied  by 
Raiser  Aluminum  Corp.,  again  one  single  large  batch  was  used  throughout  the  30-month 
experimental  period.  Over  the  30-month  period,  the  mean  for  any  data  set  taken  did  not 
differ  from  the  mean  to  all  sets  taken  by  more  than  ±75%,  and  the  mean  for  one  set  in  a 
sequence  did  not  differ  from  the  mean  to  a  set  of  sets  taken  over  the  duration  of  an  experi¬ 
mental  sequence  (extending  over  a  period  of  as  much  as  10  days)  by  more  than  ±10%. 
Figure  22  exhibits  a  limited  display  of  data  taken  over  a  period  of  several  months  for 
"Purple-K®  ”, 


Note:  The  points  are  mean  values  for  a  data  set  containing  the  indi¬ 
cated  number  of  points  (number  appended  at  top  or  bottom  of  error 
bar).  Error  bars  are  single  standard  deviations  for  the  data  sets  Two 
(or  more)  points  for  any  one  day  show  means  for  multiple  data  sets 
during  that  day. 

Figure  22.  Quality  Control  Display  of  Reignition  Delay  Data  for 
Standard  Compound  (“Purple-K®”,  KHCO3)  Taken  Over  a 
Period  of  Several  Months. 
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CHOICE  OF  POTENTIAL  SYSTEMS 

In  choosing  which  systems  to  test,  several  criteria  were  used. 

1.  All  current  commercially  supplied  materials  were  examined  directly:  obviously, 
existing  technology  should  be  utilized  where  possible  to  minimize  economic  factors. 

2.  Fundamental  chemical  knowledge  allows  us  to  predict  that  certain  compounds 
will  be  effective  fire  control  agents  under  certain  prevailing  circumstances. 

3.  Intuitive  concepts  of  fire  control  would  indicate  that  other  chemicals  might 
successfully  provide  initial  extinguishment  (“knock-down”)  and/or  long  term  control  of 
flammable  situations. 

Since  many  compounds  have  already  been  tested  by  other  investigators,  only  those 
chemicals  thought  to  be  more  effective  than  the  most  effective  commercial  chemicals  were 
selected  for  further  testing  in  the  static  assemblage  (a  screening  process  prior  to  dynamic 
testing). 

In  reviewing  factors  that  are  thought  to  provide  effective  fire  control,  the  following 
points  are  worth  delineating  at  this  time: 

1.  Chemicals  used  to  control  preignition  I  “antiknock")  in  internal  combustion 
engines  include  lead,  tin,  manganese,  and  iron,  in  the  form  of  lead  alkyls  (tetra-ethyl  lead), 
tin  alkyls  (tetra-t-butyl  tin),  cyclopentadiene-manganese  tricarbonyl  (“cymantrene”),  and 
bis-dicyclopentadieneiron  (ferrocene).  Further,  tetra-t-butyl  tin  is  used  as  an  antioxidant 
in  plastics  and  fibers.  One  seeming  characteristic  displayed  herein  is  the  multiple  valency 
available  to  each  metal,  and  this  has  been  mentioned  in  the  literature  before  by  several 
investigators. 

2.  The  solid  chemical  should  provide  a  prima-facie  display  of  fire  control,  best 
exemplified  by  the  thermal  decomposition  of  carbonates  and  oxalates  to  provide  a  CO-> 
atmosphere  locally  and  thus  to  blanket  the  flame  physically  in  an  inert  atmosphere.  This 
factor  has  dominated  previous  approaches  to  fire  control,  and  the  majority  of  commercial 
systems  are  based  on  either  carbonates  or  bicarbonates. 

3.  Intuitive  concepts  also  indicate  that  the  solid  chemical  has  to  be  volatile  enough 
to  penetrate  into  the  gas  phase,  and  thus  alkali  metal  cations  and  some  aluminum  salts  are 
more  likely  to  be  useful  than  alkaline  earth  cations.  Equally,  standard  concepts  of  gas  phase 
reaction  mechanisms  would  indicate  that  any  radical  or  ion  scavenger  should  interfere  with 
the  chain  propagation  processes  that  characterize  flames  and  explosions  and  should  provide 
a  measure  of  tire  control.  In  particular,  halogens  and  halogen  derivatives  are  well  known 
radical-scavengers,  and  should  form  an  important  part  in  the  testing  role  and  assessment  pro¬ 
cess.  with  particular  emphasis  on  iodine  and  the  iodides.  For  these  latter  compounds,  a 
strongly  ionic  bond  or  a  weak  covalent  bond  is  mandated,  to  allow  scavenging  by  the  halo¬ 
gen  entity  itself  to  occur. 


4! 
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4.  For  obvious  reasons,  the  salt  should  possess  minimum  toxicity;  although  tor 
remote  usage  in  an  engine  nacelle  this  is  not  a  property  that  is  particularly  important  at  the 
time  of  use.  The  fire  extinguishant  system  still  has  to  be  loaded  and  installed,  and  there  may 
be  a  cleanup  operation  on  successfully  combatting  the  fire.  Thus,  cations  such  as  mercury 
and  lead  should  be  avoided,  and  some  anions  such  as  cyanide  and  arsenate  are  of  doubtful 
efficacy  in  this  respect. 

5.  Economics  will  play  some  part  in  the  overall  choice,  in  that  large  quantities  of 
the  final  material  will  be  needed  for  all  uses;  thus,  chemicals  that  require  many  steps  to  syn¬ 
thesize,  or  contain  large  quantities  of  rare  materials,  or  which  require  experimental  syntheses 
involving  processes  that  are  relatively  intractable  to  bulk  production,  are  not  considered 
prime  candidates  for  the  major  component  in  a  dry  chemical  system. 

6.  On  finally  assessing  the  utility  of  various  chemicals,  or  mixtures  of  chemicals, 
attention  must  be  redirected  to  the  storage  requirements  delineated  in  Table  1.  and  other 
ancillary  requirements  delineated  in  standard  military  specification.  These  are  restated  here 
for  classification: 

a.  The  material  should  be  stable  to  temperatures  up  to  260 °C  for  advanced  air¬ 
craft  use,  corresponding  to  <S"r  loss  in  weight  at  this  temperature  (current  vehicles 
dictate  120°C  for  maximum  storage  temperatures).  A  less  stringent  requirement  is 
stability  down  to  -55°C  for  storage  purposes. 

b.  The  material  should  exhibit  no  water  absorption  properties,  or  corresponding 
weight  losses  by  efflorescence. 

c.  The  material  should  be  effective  at  controlling  fires  initiated  by  hot  surfaces 
at  temperatures  up  to  815°C,  and  it  is  expected  that  a  300-second  delay  or  better  can 
be  produced  by  a  candidate  dry  chemical  powder  applied  to  a  JP-4  fuel  fire  initiated 
on  an  800°C  surface. 

Using  these  criteria,  some  potential  candidate  systems  would  include  alkali  metal 
carbonates  and  bicarbonates,  alkali  metal  halides,  tin  salts  (particularly  tin  carbonate), 
aluminum  salts,  various  boron  derivatives,  and  commercially  available  materials.  These 
choices  are  limited  by  the  following  points: 

1.  Tin  carbonates  are  not  stable  entities  and  cannot  be  isolated  satisfactorily  by 
current  technology.  Similarly,  aluminum  carbonates  are  equally  unsatisfactory.  To  over¬ 
come  these  problems,  specific  syntheses  were  initiated  to  produce  a  stable  complex  tin  car¬ 
bonate  in  the  form  of  an  alkali  metal  carbonate-hydrated  tin  oxide  system.  This  was  unsuc¬ 
cessful.  A  second  preparation  involving  a  mixed  salt  of  potassium  oxalate  and  hydrated  tin 
oxide  (“stannic  acid”)  was  successful  and  produced  a  material  with  the  probable  formula 
K^SnlOH  >46204.  No  toxicity  data  are  currently  available  for  this  compound,  but  it  should 
be  noted  that  sodium  and  potassium  oxalates  are  systemic  poisons. 
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2.  The  availability  of  a  complex  sodium-aluminum  carbonate  as  a  naturally  occur¬ 
ring  mineral  (Dawsonite),  in  the  form  NaAl(OH)->C03,  prompted  us  to  examine  its  utility 
as  a  fire  control  agent,  since  aluminum  carbonate  itself  is  not  an  accessible  compound.  Three 
sources  of  Dawsonite  are  conveniently  available: 

a.  The  natural  mineral,  essentially  the  major  component  in  oil  shale,  can  he 
obtained  as  a  waste  product  from  oil  recovery  operations. 

b.  A  commercial  source  of  Dawsonite  is  available  from  either  “antacid”  manu¬ 
facturers  (such  as  “Turns®”),  or  from  water  treatment  plants  where  alumina  floccula¬ 
tion  processes  of  industrial  and  recycled  water  produces  this  material  by  precipitation. 
One  such  source  proved  to  be  the  Kaiser  Aluminum  Corp.,  who  very  kindly  provided 
samples  of  this  material. 

c.  A  third  source  is  laboratory  synthesis,  isolation,  and  characterization  of  this 
material  by  conventional  means;  one  such  preparation  being  reported  in  the  chemical 
literature  as  an  existing  U.S.  Patent.  Moreover,  since  it  is  usual  for  potassium  salts 
to  be  more  effective  than  corresponding  sodium  salts,  a  synthetic  preparation  of 
potassium  Dawsonite  was  also  a  potentially  useful  route  to  an  effective  agent. 

3.  Commercially  available  systems  included  various  carbonate  and  bicarbonates, 
of  which  the  best  known  are  based  on  potassium  bicarbonate.  Since  potassium  carbonate  is 
hygroscopic,  and  this  limits  its  usefulness,  we  commissioned  the  Ansul  Corp.  to  prepare  a 
potassium  carbonate  based  material  that  would  resist  water  absorption,  and  this  compound 
also  was  tested.  Other  systems  available  commercially  included: 

a.  A  mixture  of  potassium  bicarbonate  and  urea  as  a  condensed  (one  water 
molecule  eliminated  per  pair  of  molecules)  solid,  marketed  by  I.C.I.  Ltd.,  and  trade- 
named  “Monnex®  ”.  This  material  is  essentially  a  carbamate  compound. 

b.  Various  phosphate  derivatives  from  many  companies  are  currently  being 
used,  one  such  being  “Phos-Chek®”  from  Monsanto,  used  for  forest  fire  control,  and 
based  on  (NH^tHPO^  Phosphates  based  on  NH4H->P04  are  sold  by  other  com¬ 
panies  for  domestic  and  automobile  fire  control,  such  as  the  Ansul  Corp.  “Foray®  ”. 

c.  Currently,  I.C.I.  Ltd.  holds  a  patent  for  the  use  of  “cryolite",  K3AIF5,  as 
a  potential  dry  chemical  system  for  fire  control,  and  this  compound  was  also  included 
in  the  list  of  potential  agents. 

d.  Forest  fire  control  has,  in  the  past,  used  borax  (sodium  borate  in  various 
hydrated  forms),  and  although  it  is  not  as  effective  as  the  phosphates  and  bicarbonates, 
the  oxide  (B2O3)  and  acid  (H3BO3)  are  worth  investigating  further  as  potential 
agents.  Similar  in  chemical  properties  to  borax  are  the  tungstates.  W04=,  and  the 
sodium  salts  in  hydrated  and  nonhydrated  forms  could  be  potential  control  agents, 
since  tungsten  exhibits  one  of  the  widest  range  of  valence  states  of  any  element  (as 
does  uranium,  but  other  factors  rule  out  use  of  this  metal). 
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e.  One  final  chemical  is  worth  mentioning,  carbon  tetra-iodide,  since  carbon 
tetrachloride  was  one  of  the-  first  agents  to  be  used  for  fire  control.  Moreover,  CI4  is  a 
solid  at  room  temperature,  a  potential  iodine  source  in  the  vapor  phase  (since  C-I  bonds 
are  weaker  than  C-Cl  bonds),  and  iodine  is  recognized  as  being  the  best  radical  scavenger 
among  the  halogens. 

f.  Since  some  of  the  chemicals  seemed  to  be  easily  dislodged  from  the  heated 
plate  surface  by  the  fuel  jet  momentum,  it  was  proposed  that  some  form  of  “sticky” 
additive  be  added  to  assist  the  particles  in  adhering  to  the  plate.  Since  boron  com¬ 
pounds  tend  to  form  glasses  when  melted,  we  decided  to  test  one  such  sample  (potas¬ 
sium  Dawsonite)  that  contains  10%  by  weight  of  boron(III)  oxide. 


COMPARATIVE  TESTING  OF  SINGLE  CHEMICALS  AT  675  to  900°C 

Using  the  experimental  method  already  described,  reignition  delay  data  for  various 
single  chemicals  and  commercially  supplied  extinguishants  were  obtained  at  various  temper¬ 
atures  in  the  range  700  to  900°C  for  air  oxidation,  and  for  various  quantities  of  powder 
varying  between  5  and  20g  per  sample  determination.  These  data  are  shown  in  Table  8. 

It  is  pertinent  at  this  point  to  mention  that  tin(II)  salts  are  prone  to  oxidation  by 
air  and/or  moisture  and  that  commercially  supplied  tin(II)  salts  contained  up  to  60'v  tin(  II) 
salts.  Thus,  we  refer  in  general  Snlx,  for  example,  as  being  tin  iodide  (and  vice-versa),  pur¬ 
chased  nominally  as  the  tin(II)  salt  from  commercial  sources.  Since  some  of  the  chemicals 
tested  did  not  produce  significant  delays  even  at  700°C.  and  virtually  none  at  higher  tem¬ 
peratures,  an  additional  nine  compounds  were  tested  at  700°C  only.  Although  eight  of  these 
additional  nine  have  indifferent  performances  with  respect  to  fire  control  capabilities,  the 
exception  is  the  specially  prepared  (by  Ansul  Corp.)  K.2CO3  powder,  which  is  deemed 
slightly  superior  to  the  KHCO3  based  material  already  marketed  by  this  corporation.  These 
data  are  shown  in  Table  9. 

It  became  apparent  that  data  obtained  from  lOg  samples  provided  sufficient  differ¬ 
entiation  between  materials  (reignition  delays  ranging  from  greater  than  900  seconds  down 
to  less  than  10  seconds),  and  yet  provided  a  small  enough  sample  to  allow  reasonable  pro¬ 
longed  testing  sequences  for  moderate  quantities  of  powder.  This  was  especially  important 
for  some  materials  that  were  quite  “expensive”  either  in  actual  costs,  or  in  time  to  synthe¬ 
size  and  prepare.  Accordingly,  we  standardize  our  next  phase  of  testing  to  this  amount. 
lOg,  and  recorded  data  for  an  additional  five  compounds  at  various  temperatures.  These 
data  are  shown  in  Table  10. 

To  provide  a  self-consistent  listing  of  relative  efficiencies  in  controlling  JP-4  fuel  fires 
initiated  by  hot  surface  ignition,  we  have  retabulated  all  compounds  examined  (data  from 
Tables  8,  9,  and  10)  in  a  rank-order  determined  by  their  reignition  delay  at  700°C  for  lOg 
sample  determinations.  This  reference  temperature  was  chosen  merely  because  the  majority 
of  compounds  were  tested  at  this  value.  It  was  necessary  to  estimate  reignition  delays  at 
700°C  for  five  compounds:  this  was  done  by  using  a  reaction  kinetics  Arrhenius-style  plot 
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(see  next  section  below).  These  data  are  presented  in  Table  1  1.  It  is  clear  from  these  data 
that  iodides  are.  as  expected,  powerful  chemical  extinguishants  at  low  temperatures,  but 
that  their  efficiencies  fall  rapidly  as  the  temperature  rises.  Again,  as  expected,  the  stabilized 
(by  complexing  as  a  double  salt)  carbonates  provided  better  performance  than  simple  car¬ 
bonates  (cf.  both  Dawsonites  with  respect  to  potassium  carbonate  and  bicarbonate),  indi¬ 
cating  perhaps  a  form  of  “shielded”  or  “hindered”  carbon  dioxide  release  due  to  the 
increased  thermal  stability  induced  by  double  salt  formation.  This  is  further  exemplified 
when  data  taken  at  900°C  is  examined,  where  the  Dawsonites  can  be  seen  to  be  virtually 
the  only  chemicals  providing  any  (albeit,  very  limited)  protection  at  these  elevated 
temperatures. 


Table  8.  Reignition  Delay  Data  as  a  Function  of  Temperature  and  Shot-Mass 
for  Various  Potential  Single  Chemical  Dry  Powder  Extinguishants: 
Testing  in  Air-Combustion  Over  the  Range  700  to  900°C. 


1 .  All  reignition  delays  are  given  in  seconds. 

2.  200  ml/hr  JP-4  fuel  (low  and  2  SLPM  air  into  cavity. 

3.  All  dry  powders  were  ball-milled  and  sieved  to  pass  an  ASTM-325  Mesh. 

4.  .All  dry  powders  contain  1 7c  w/w  How  agent  to  prevent  caking  and  moisture  uptake. 

5.  All  chemicals  are  reagent  grade  materials  unless  stated. 


6. 

7. 

8. 


KHCO3  and  K2CO3  are  commercially  supplied  extinguishants  ( Ansul  Corp.). 
Na  and  K  Dawsonites  were  synthesized  by  the  authors,  the  Dawsomte  anion  is 


Note  that  a  delay  of  approximately  4  to  5  seconds  is  really  equivalent  to  a  zero  delay,  since  this  time 
is  needed  for  the  fuel  to  “wash"  through  to  the  heated  surface  and/or  for  the  fuel  to  reach  ignition 
temperatures  due  to  heat  capacity  effects  from  the  dry  powder. 


9.’  Data  arc  given  in  the  form  “Mean  Reignition  Delay  in  Seconds  ±  the  Standard  Deviation  (Number  of 
Points  in  Data  Set)”. 


10.  Tin  iodide  is  referred  to  as  Snlx. 


Temperature, 

'C 

Potassium  Dawsomte  KD 

Ansul  Corp. 

5k 

"Purple-K" 

10k 

KHCO3 

20k 

5a 

10« 

20y 

675 

193  £  38<  10) 

252  £  91(5) 

>600(5 ) 

I 

700 

73  £  11(10) 

153  £  15(15) 

350  £  50(10) 

30  £  12(25) 

69  £  20(401 

204  -  80(30) 

775 

34  -  6110) 

98  •-  38<  15) 

203  £  25(  10) 

750 

31  £  10(10) 

81  £  18(15) 

113  £  11(5) 

27  £  5(  10) 

50  £  8(  10) 

106  -  45(5) 

775 

21  t  4(5) 

30  t  3(5) 

82  £  8(5) 

800 

12  £  2(5) 

30  t  6(  15) 

38  £  4(5) 

29  £  7(  10) 

38  £  8(  10) 

102  £  50l  10) 

825 

10  £  1(5) 

18  £  2(5) 

32  £  3(5) 

850 

19  £  3(5) 

18  £  3(5) 

900 

6  £  3(10) 

10  £  4(15) 

13  £  3(20) 

2  £  1(5) 

7  £  4(15) 

13  -  3(10) 

r 
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Table  8.  (Contd.). 


Temperature. 


I.C.l 

■•Monnex"  KHCO 

j-urea 

5g 

10c 

20c 

Pvrothem  "lit  D-NaCi 


[Ok 


30  i  3(5) 
18  t 5(5) 
5  t  2(5) 
4  t  2(5) 


55  -  30(20) 
27  t  6(5) 

9  t  2(5) 

7  —  2(5) 


61  r  12(10) 
63  i  14(5) 
20  e  3(5) 

13  r  3(5) 


9  i  31  10) 
5  s  2(5) 

5  t  2(5) 

4  t  2(5) 


Temperature. 


Tin  iodide  SnlxJ 


lOe 

20g 

Itlg 

1 0e 

life 

10 

100  :  30(30) 


SO  :  3U(  5  ) 


58  --  3(5) 
8  e  2(5) 


00  t  80(15)1  380  =  80(30) 
244  40(  10) 

02  :  40)  15 
58  :  6<  15) 
0) 

) 

) 


Tin)  II)  iodide  is  very  unstable  to  air  or  moisture,  and  commercially  supplied  materials  contained  vurytnit 
proportions  ot'  tun IV)  iodide  The  majority  ot  tin  iodide, supplied  nominally  as  tin( 111. iodide  appeared  to 
contain  approximately  50  to  (MX?-  tint IV)  iodide. 


Table  9.  Reignition  Delay  Data  for  Various  Single  Compound  Potential 
Dry  Chemical  Extinguishants  at  700°C  (Air-Combustion). 


Compound 


Ansul  Corp.  K2CO3 

65  ±  1  1 

Pyro-Chem  Corp.  “Super-K”  (RC1) 

SnClx-2H:0 

7  ±  2 

Na2W04-2H:0 

14  t  2 

SnO 

Cryolite  (K3AI  F5) 

8  ±  2 

Ansul  Corp.  “Foray”  (NH4H2PO4) 

C/i 

1  + 

l  a 

Pyro-Chem  TUW-156  (NH4H2PO4) 

5  ±  2 

\a2WO4  (dehydrated) 

Carbon  tetra-iodide 

zero 

150  ±80 

300  ±  55 

33  ±  4 

26  ±  5 

26  ±  3 

81  ±  8 

17  t  2 

22  ±  3 

15  ±  5 

14  ±  5 

12  ±  2 

38  ±  14 

8  ±  3 

8  ±  2 

13  ±  2 

Vrruneed  as  decreasing  effectiveness  based  on  data  tor  lOu  shots  \ i!  samples  were  hall-milled,  passed 
through  an  ASTM-325  1^45  microns),  md  mixed  with  !  ;  w  w  ot  flow  agent  to  prevent  caking  and 
moisture  uptake 

NOTF  Frrors  are  single  standard  deviations  for  a  minimum  ot  five  data  points. 
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Table  10.  Reignition  Delay  Data  tor  Various  Single  Compound  Dry  Chemical 
Extinguishants  for  JP-4  Fuel-Air  Oxidation  Studies  at  Various  Temperatures. 


Compound 

750°C 

800°C 

AI2O3  “alumina” 

28  ±  12 

7  ±  3 

zero 

AlOOH  “Boehmite” 

48  ±  35 

5  ±  2 

zero 

b2°3 

5  ±  3 

3  ±  2 

2  ±  1 

K-Dawsonite  +  10%  B2O3 

62  ±  28 

18  ±  5 

6  +  2 

H3BO3 

<10^ 

^Single  reading  only. 

NOTE:  lOg  shots  tor  each  determination,  200  ml,  hr  JP-4  fuel.  2  SLPM  air. 


Table  1 1.  Reignition  Delay  Data  for  Potential  Dry  Chemical  Fire  Extinguishants 
Ranked  According  to  Their  Performance  at  700°CM 


Compound 

700°  C 

750°C 

800JC 

1. 

- - 

KI 

>900^ 

100  +  30 

zero‘ 

*> 

Nal 

600  t  60 

262  ±  95 

zero 

3. 

Snlx 

380  ±  80 

102  ±  40 

19  ±  2 

zero 

4. 

NaD^ 

296  ±  50 

170+50 

29  +  5 

6  +  3 

5. 

KD 

153  ±  15 

81  +  18 

30  +  6 

10  +  4 

6. 

K2CO3  (Ansul  Corp.) 

150  ±  80 

7. 

KD  +  10%  w/w  B2O3 

<140>t‘ 

62  ±  28 

1 8  ±  5 

6  ±  2 

8. 

Al  (OH)3 

100  +  30 

82  +  20 

18  +  6 

zero 

9. 

KHCO3  (Ansul  Corp.  “Purple-K”) 

69  ±  20 

50  ±  8 

38  ±  8 

7  ±  4 

to. 

KHC03/urea  ( ICI  “Monnexo  ”) 

55  ±  30 

27  +  6 

9  ±  2 

7  ±  2 

n. 

AlOOH  (“Boehmite”) 

<55> 

48  ±  35 

5  +  2 

zero 

12. 

AI2O3  (“aiumina”) 

<55> 

28  ±  12 

7  +  3 

zero 

13. 

KC1  (Pyro-Chem  Corp.) 

33  ±  4 

14. 

NaCl  (Pyro-Chem) 

33  ±  4 

15. 

SnClx-2H20 

1 

16. 

Na:W04-2H20 
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Table  1 1.  (Contd.). 


Compound 

700 °C 

750°C 

800"  C 

900°  C 

17. 

SnOx’nL^O 

15  ±  5  ! 

1 

18. 

K3AIF5  (“cryolite”) 

14  ±  5 

19. 

H3BO3 

<14> 

(101/ 

20. 

NH4H2PO4  (Ansul  Corp.) 

rt  2 

21. 

NH4H2PO4  (Pyro-Chem  Corp.) 

8  ±  3 

Na2W04 

8  ±  2 

23. 

b2°3 

<8> 

rn 

41 

«/") 

3  ±  2 

zero 

24. 

CI4 

zero 

aDaU  lor  10k  sample*,  200  ml/hr  JP-4  fuel  How,  2.0  SLPM  air  input. 
^Reumition  delays  in  seconds,  errors  shown  are  standard  deviations. 
cLess  than  2  to  3  seconds  delay  is  considered  to  be  zero  inhibition. 
^Aruon  D",  Dawsomtc,  is  [AKOHJjCOj)". 

e<x>  indicates  estimated  reignition  delay  via  Arrhenius  extrapolation. 
^Only  one  measurement  taken. 


TEMPERATURE  DEPENDENCE  OF  REIGNITION  DELAY  DATA 

As  indicated  previously,  the  reignition  delay  is  a  kinetic  parameter  describing  the 
competition  between  extinguishant  scavenging  action  and  chain  propagation  reactions  that 
typify  the  flame  and/or  explosion.  It  is  not  surprising,  therefore,  that  reignition  delay  data 
as  a  function  of  temperature  can  be  correlated  by  an  Arrhenius-type  function  involving  a 
linear  plot  of  the  logarithm  of  the  reignition  delay  against  reciprocal  absolute  temperature. 
Two  such  plots  are  shown  in  Figure  23  for  potassium  bicarbonate  and  potassium  Dawsonite. 
The  slopes  of  each  line  vary  widely,  and  reflect  to  some  extent  the  thermal  energy  needed  to 
decompose  the  material,  and  in  kinetic  terms,  are  related  to  a  so-called  “activation  energy”. 
It  is  also  pertinent  here  to  note  that  the  effectiveness  of  a  dry  chemical  as  a  fire  control 
agent  falls  to  zero  above  the  melting  point.  For  example,  KHCO3  has  a  melting  point  of 
89l°C,  (at  900°C  there  is  virtually  no  reignition  delay  observed). 
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0.9  1.0  1.1  1.2  1.3  1.4  1.5 


R«ciprocal  tempertturi  x  10"3,  deg  K'1 

Legend: 

Line  A:  Synthetic  potassium  Oewsonite.  KAKOHIjCOj 
Line  B:  Commercially  supplied  Ansul  Corp.  'Purpie-K'®" 
(KHCO3). 

Figure  23.  Arrhenius-Style  Plot  of  the  Temperature 
Dependence  for  Two  Representative  Compounds. 


COMPARATIVE  TESTING  IN  THE  RANGE  400  TO  600°C 

To  extend  the  range  of  measurements  of  reignition  delays  below  700°C,  it  was 
necessary  to  overcome  the  self-ignition  difficulties.  This  was  accomplished  by  enriching  the 
oxygen  content  of  the  combustion  cavity  above  the  normal  partial  pressure  of  0.21  available 
from  air  alone.  Using  pure  oxygen  introduced  through  the  gas  inlet  pipes  shown  in  Figure  3 
enabled  us  to  extend  the  self-ignition  temperature  down  to  370°C.  allowing  data  collection 
in  the  range  400  to  600°C.  Above  approximately  600°C,  reignition  delays  became  immeas¬ 
urably  short  and  prevented  differentiation  between  compounds.  These  low  temperatures 
serve  to  emphasize  thermal  activation/degradation  effects.  For  example,  these  temperatures 
are  now  low  enough  that  it  is  possible  to  envisage  a  situation  where  the  extinguishant  has 
little  or  no  effect  until  a  minimum  threshold  temperature  is  reached  and  exceeded.  Up  to 
this  temperature,  the  effectiveness  of  the  extinguishant  wiil  actually  increase  as  the  tempera¬ 
ture  increases.  However,  above  a  sufficiently  high  temperature,  all  compounds  will  exhibit 
a  fundamentally  Arrhenius-type  behavior.  These  behavioral  patterns  are  clearly  displayed 
in  the  data  taken  for  combustion  in  oxygen  enriched  atmospheres  at  temperatures  between 
400  and  600°C  for  nine  selected  compounds  (see  Table  12).  These  data  are  also  shown  plot¬ 
ted  in  Figures  24,  25,  and  26,  and  illustrate  clearly  this  non-Arrhenius  behavior  discussed 
above.  This  mode  of  behavior  appears  prevalent  for  compounds  whose  anion  decomposes 
irreversibly;  e.g..  carbonates,  oxalates,  and  dehydration  of  hydroxides.  These  data  also  illus¬ 
trate  the  catastrophic  fall  in  efficiency  seen  for  volatile  compounds  such  as  tin  iodide, 
emphasizing  the  point  already  made  that  above  the  melting  point  of  a  compound  the  effec¬ 
tiveness  rapidly  falls  to  zero. 
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Table  12.  Reignition  Delay  Data  as  a  Function  of  Temperature  for  Various 
Potential  Single  Chemical  Dry  Powder  Extinguishants  (Testing  in 
Oxygen-Enriched  Atmospheres  in  the  Range  400  to  600°C). 


Mean  reignition  delay**  t  standard  deviation  (number  of  data  points) 


Compound^ 

400°  C 

450°C 

500°C 

550°C 

600°C 

khco3<* 

■48  ±  9  (37) 

38  ±7  (28) 

31  ±  10  (42) 

28 ±  4  (16) 

22  t  5  (22) 

Snlx 

90  ±  1 1  (  8) 

63  ±  7  (  4) 

34  ±  5(7) 

41  t  9(7) 

2  ±  1  (  6) 

K:C  02d 

30  ±  8  (20) 

25  ±  8  (11) 

21  ±  4  (10) 

14  ±  6(5) 

16  ±3  (  5) 

KD 

26  ±  8(5) 

18  t  5  (19) 

18  i  2(3) 

18  ±  3  (  4) 

14  ±  2  (  4) 

K-iSnlOH^C  ">04 

24  ±  6(6) 

16  ±4  (  7) 

19  ±  3(6) 

14±  4  (  5) 

Al(OH)3 

19  ±  3(5) 

10  t  5  (  4) 

17  ±  6  (11) 

9  i  3  (10) 

NaD 

10  ±  7(4) 

8  t  2  (  4) 

94  ±  2(7) 

11  ±  2(4) 

K2S°4J 

9  ±  1(3) 

it  1(3) 

zero 

k3aif6 

3  ±  1(6) 

ca.  zero 

zero 

a.All  reignition  delays  given  in  seconds. 

*All  determinations  for:  5g  shot  size.  2.25  SLPM  oxygen  flow  rate,  and  200  ml/hr  JP-4  fuel  flow  rale, 

*  All  dry  powders  were  prepared  by  ball  milling  and  sieving  through  an  ASTM-325  mesh,  all  contain  approximately 
0.5  to  1"  w/w  SiOx  flow  agent  to  prevent  caking  and  moisture  absorption. 

^Commercially  supplied  as  extinguishants. 

NOTE:  Note  Snli  and  K  xSiKOHi^CjC^  were  synthesized  by  the  authors.  KHCOj,  K-1CO3.  KsSO^,  arc 
commercially  supplied  dry  chemical  tire  extinguishants.  NaD  and  KD  are  sodium  and  potassium  salts  of 
[AI(OH)2C03|*. 


For  comparison  purposes,  we  have  ranked  these  nine  compounds  in  order  of  their 
reignition  delay  observed  at  400,  500,  and  600°C,  in  three  separate  rank-orderings.  These 
data  are  presented  in  Table  13,  and  indicate  the  problems  of  ranking  a  system  at  only  one 
temperature,  since  ranking  “cross-over”  can  be  seen  for  several  compounds  listed  therein, 
and  most  dramatically  for  tin  iodide.  This  latter  compound  is  most  effective  at  400°C  and 
virtually  ineffective  at  600°C,  a  facet  of  its  behavior  that  reflects  the  volatility  of  the  pure 
substance,  and  the  temperature  dependence  of  its  vapor  pressure.  Equally  dramatic  is  the 
change  in  ranking  seen  for  NaD  between  400  and  500°C:  apparently  the  temperature 
dependence  for  NaD  exhibits  a  maximum  in  the  curve,  and  this  system  is  “activated”  as  the 
temperature  rises  However,  the  rank-ordering  at  400  or  500°C  are  substantially  alike,  and 
resemble  the  rank-ordering  already  presented  at  700°C  for  air  combustion  (Table  11). 


Temperature,  °C 


Legend: 

Line  A:  Tin  iodide 

Line  B:  Ansul  Corp.  "Purple-K®"  KHCO3 
Line  C:  A  potassium-tin  complex  oxalate 
Line  D:  Sodium  Dawsonite 

Figure  24.  Temperature  Dependence  of  the  Reignition 
Delays  for  some  Potential  Dry  Chemical  Fire  Extinguishants 
in  an  Oxygen  Enriched  Atmosphere  in  the  Temperature 
Range  400  to  600°  C. 
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Temperature,  °C 

Figure  25.  Temperature  Dependence  of  the  Reignition 
Delays  for  some  Potential  Dry  Chemical  Fire  Extinguishants 
in  an  Oxygen  Enriched  Atmosphere  in  the  Temperature 
Range  400  to  600°  C. 


A  t  KHCO, 

B  Q  BAKOHIjCOj 


Temperature,  °C 

Figure  26.  Temperature  Dependence  of  the  Reignition 
Delays  for  some  Potential  Dry  Chemical  Fire  Extinguishants 
in  an  Oxygen  Enriched  Atmosphere  in  the  Temperature 
Range  400  to  600°  C. 
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Table  13.  Relative  Effectiveness  of  Various  Single  Chemical  Dry  Powder 
Extinguishants  at  400  to  600°C  in  Oxygen-Enriched  Atmospheres. 


400°  C 

500°<y 

600° Ca 

1.  Snlx 

1. 

Snlx 

j 

(1) 

1. 

KHCO3 

(2) 

2.  KHCO3 

2. 

KHCO3 

(2) 

2. 

k2co3 

(3) 

3.  K2C03 

3. 

NaD 

(7) 

3. 

KD 

(4) 

4.  KD 

4. 

K2C°3 

(3) 

4. 

K2Sn(0H)4C204 

(5) 

5.  K->Sn(OH)4C204 

5. 

K2Sn(0H)4C204 

(5) 

5. 

NaD 

(7) 

6.  Al(OH)3 

6. 

KD 

(4) 

6. 

Al(OH)3 

(6) 

7.  NaD 

7. 

Al(OH)3 

(6) 

7. 

Snlx 

(1) 

8.  K2S04 

8. 

k2so4 

(8) 

8. 

k2so4 

(8) 

9.  K3A1F6 

9. 

k3aif6 

(9) 

9. 

K3A1F6 

(9) 

"Rankings  at  400JC  are  shown  in  parentheses  after  compound. 


MULTICOMPONENT  SYSTEMS  AS  EXTINGUISHANTS 

We  have  discussed  already  the  possibility  that  flame  extinguishment  capability 
(“knock-down”)  may  not  be  compatible  with  long-term  time  control  (“inhibition”)  of  flam¬ 
mable  situations.  Further,  an  extinguishant  that  works  well  at  low  fire  temperatures  (400  to 
600 °C)  may  not  prove  to  be  effective  at  higher  temperatures  (600  to  900°C),  a  demon¬ 
strated  fact  emphasized  by  data  in  Tables  1  1  and  12,  and  clearly  illustrated  in  Figure  24  for 
tin  iodide.  Although  B203  did  not  prove  any  enhancement  of  fire  control  properties  when 
admixed  with  potassium  Dawsonite  at  10%  w/w  (see  Table  12),  we  oelieve  that  the  principle 
of  a  component  added  specifically  to  help  the  dry  chemical  adhere  to  the  heated  surface 
is  still  a  viable  one,  and  will  be  tested  further  in  Section  5  (Dynamic  Assemblage).  Moreover, 
this  concept  is  more  pertinent  to  real  situations  involving  high-speed  airflows  across  the  hot 
surface,  and  rapid  removal  of  the  extinguishant  powder  from  contact  with  the'  ignition 
source.  For  these  reasons,  we  believe  that  a  multi-component  system  will  become  essential 
for  effective  fire  control  in  various  situations  and  scenarios. 

We  have  shown  that  sodium  and  potassium  Dawsonites  have  intrinsic  fire  control 
capabilities  superior  to  other  systems,  commercial  or  synthetic.  This  can  be  attributed  partly 
to  the  chemical  structure  which  allows  better  control  over  the  thermal  activiation  of  the 
extinguishant  powder.  Equally,  it  is  quite  clear  that  iodides  exert,  predicatably  so,  consid¬ 
erable  influence  over  flammable  situations,  providing  the  best  long-term  control  so  far 
observed.  It  seemed  prudent,  therefore,  to  initially  test  mixtures  of  various  iodides  with 
these  Dawsonites.  and  other  carrying  agents  or  matrices  such  as  aluminum  hydroxide. 
Details  of  these  iodide  doping  experiments  are  given  in  the  next  section. 
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USE  OF  IODIDES  AS  ADDITIVES 

Data  for  both  oxygen-enriched  atmospheres  and  air  combustion  (Tables  8  to  13) 
clearly  indicate  the  superiority  of  iodide  salts  as  long-term  fire  control  agents.  This  is  an 
effect  that  can  be  predicted  a  priori  from  two  properties  of  these  compounds:  (1)  iodides 
are  volatile  (typically,  tin  iodide  has  a  melring  point  of  320°C  and  a  boiling  point  of  717°C 
listed  for  Sn(II)  iodide)  and  their  vapor  pressures  at  the  temperatures  used  for  testing  are 
significant,  thus  producing  appreciable  vapor  phase  concentrations  of  the  molecular  species; 
and  (2)  iodine  is  known  to  be  an  excellent  gas  phase,  and  liquid  phase,  scavenger  of  free 
radicals,  ions,  and  molecular  fragments.  Moreover,  most  metal-iodine  bonds  are  weak  (e.g., 
Sn-I  at  ca.  40  kcal/mol);  thus  allowing  free  iodine  (atoms  and/or  ions)  to  be  released  into 
the  gas  phase  and  contribute  significantly  to  homogeneous  scavenging  and  radical- 
recombination  catalysis  reactions  involving  flame  precursors.  However,  because  these  iodides 
are  volatile,  their  performance  at  high  temperatures  is  poor,  since  they  are  volatilized  fast 
and  thus  lost  from  the  plate  surface  and/or  system  too  quickly  to  provide  long-term  control. 
Typically,  Snlx  has  virtually  no  fire  control  capability  at  temperatures  in  excess  of  750°C. 

It  was  not  immediately  obvious  whether  the  metal  ion  itself  produced  beneficial 
effects,  since  it  has  long  been  known  that  if  a  sodium  salt  has  good  fire  control  properties, 
the  potassium  analog  would  be  superior;  for  example,  sodium  bicarbonate  and  potassium 
bicarbonate,  sodium  chloride  and  potassium  chloride,  sodium  and  potassium  iodides. 
Further,  some  zero-valent  metals  are  themselves  inherently  good  fire  control  agents;  e.g.. 
lead  as  an  antiknock  agent,  and  tin  has  been  postulated  as  a  fire  control  system  (most 
elements  exhibiting  multiple  valences  appear  to  have  fire  control  properties  to  some  degree). 
Also,  the  other  halogens  are  known  to  be  gas  phase  scavengers  too,  and  this  aspect  needed 
further  investigation.  Accordingly,  tin  chloride  was  tested  relative  to  tin  iodide,  and  found 
to  be  vastly  inferior;  similarly  KC1  was  found  to  be  inferior  to  KI,  and  NaCl  far  inferior  to 
Nal  in  performance.  Moreover,  tin  oxide  exhibited  poor  fire  control  performance  when 
tested  alone,  and  did  not  enhance  the  properties  of  Al(OH)3  when  mixed  at  10 %  w/w 
ratios,  nor  did  it  enhance  the  effectiveness  of  potassium  Dawsonite  when  added  at  2 (Tc 
by  weight;  thus  precluding  a  significant  contribution  from  the  metal  ions  in  each  case.  The 
inescapable  conclusion  is  that  the  iodine  is  providing  the  main  contribution  to  long-term  fire 
control  ability  It  was  therefore  decided  that  mixtures  of  various  iodides  should  be  tested 
with  other  systems  to  try  and  reduce  the  volatility  via  a  “blanket”  effect,  and  thus  prolong 
the  fire  control  ability  (reignition  delay)  at  higher  temperatures. 


Tin  Iodide  and  Potassium  Sulphate  Mixtures 

Data  in  Table  12  indicated  the  poor  performance  from  K2SO4  alone,  and  mixtures 
of  Snlx  in  K2SO4  produced  a  direct  additive  increase  in  performance  as  the  concentration 
ot  Snlx  in  the  K2SO4  was  increased.  These  data  are  shown  in  Figure  27  for  oxygen  enriched 
atmospheres  in  the  temperature  range  400  to  500°C.  One  interpretation  of  these  data 
merely  indicates  that  the  K2SO4  is  “diluting”  the  effect  of  Snlx,  as  no  increase  in  perform¬ 
ance  is  seen  from  either  system,  and  the  dependence  of  the  reignition  delay  on  a  molar 
ratio  is  akin  to  Raoult’s  Law  for  vapor  pressures  of  regular  solutions,  exhibiting  no  max¬ 
imum  or  minimum  corresponding  to  an  enhancement  or  interaction  of  properties  by  the 
other  component. 


Figure  27.  Reignition  Delay  Data  for  Mixtures  of 
Tin  Iodide  in  Potassium  Sulphate  as  a  Function 
of  Weight  Percent  Composition. 


Iodide  Additives  to  Aluminum  Hydroxide 


A  sequence  of  mixtures  containing  varying  amounts  by  weight  of  both  Snlx  in 
Al(OH>3,  and  KI  in  AI(OH)3,  was  tested  for  air-oxidation  of  JP-4  fuel  in  the  range  750  to 
800°C.  These  data  are  shown  in  Table  14,  and  appear  to  indicate  that,  unlike  for  the  K2SO4 
above,  each  system  is  improved  by  the  other  component,  since  reignition  delay  data  as  a 
function  of  composition  exhibit  a  maximum  in  each  case.  This  mutual  enhancement  is 
referred  to  herein  as  a  “synergistic”  effect,  since  the  properties  of  the  mixture  are  better 
than  the  direct  sum  of  individual  contributions  from  the  components. 


$ 
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Table  14.  Reignition  Delay  Data  for  Mixtures  for  Aluminum  Hydroxide 
With  Tin  Iodide  and  With  Potassium  Iodide. 


Composition 
of  mixture 

Bulk 

density, 

gm/ml 

Al(OH)3  +  Snlx 

Al(OH)3  +  K.I 

750°C 

800°  C 

750°C 

100%  Al(OH)3 

1.58 

82  ±  20 

18  ±  6 

82  ±  20 

18  ±  6 

1%  w/w  iodide 

1.33 

60  ±  10 

15  ±  2 

103  ±  12 

15  ±  3 

5%  w/w  iodide 

1.45 

112  ±25 

30  ±9 

80  ±  15 

40  ±  4 

10%  w/w  iodide 

1.49 

157  ±  40 

35  ±  4 

233 ±  60 

70  ±  7 

20%  w/w  iodide 

1.60 

154  ±  40 

45  ±  4 

442  ±  140 

96  ±  9 

100%  iodide 

3.26 

102  ±  40 

19  ±  2 

100±  30 

16  ±  6 
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Iodide  Additives  to  Dawsonites 

Since  aluminum  hydroxide  is  not  a  particularly  effective  fire  control  agent  in  its 
own  right,  we  decided  to  see  whether  this  synergistic  effect  was  demonstrated  for  two  of 
the  better  systems  tested,  the  sodium  and  potassium  Dawsonites.  Accordingly,  mixtures 
of  iodide  at  varying  proportions  by  weight  with  each  of  the  two  Dawsonites,  were  tested 
individually.  These  data  are  shown  in  Tables  15,  16,  and  17.  To  show  that  the  identity  of 
halide  scavenger  is  of  paramount  importance,  data  for  a  50%  w/w  mixture  of  KC1  in  potas¬ 
sium  Dawsonite  are  also  shown  in  Table  17  for  direct  comparison  with  KD/KI  mixtures. 
It  is  obvious  from  these  data  that  the  synergistic  effect  is  very  strong,  exemplified  by  the 
data  at  800°C  for  NaD/SnIx  mixtures,  and  clearly  illustrated  in  Figures  28,  29,  and  30. 


Table  15.  Reignition  Delay  Data  for  Sodium  Dawsonite/Tin  Iodide  Mixtures. 


Composition 
of  mixture 

Bulk 

density, 

g/tnl 

NaD  +  Snlx  mixtures 
reignition  delay  data,  sec 

700°C 

750°C 

800°C 

900°C 

100%  NaD 

0.87 

296  ±  50 

170±  50 

29  £  5 

6  £  3 

1%  iodide 

0.88 

238  £  25 

71  £  7 

14  £  2 

5%  iodide 

0.89 

489  ±  50 

157  £  16 

19  £  2 

10%  iodide 

0.93 

>900 

600  £  60 

201  £  30 

27  £  2 

20%  iodide 

1.04 

600  £  60 

320  £65 

35  £  5 

40%  iodide 

374  £45 

32  £4 

60%  iodide 

510  £  90 

52  £  5 

80%-  iodide 

20  £  4 

1 0O%  iodide 

2.69 

380  £  80 

102  ±  404 

19  £  2 

zero 

100%  KI 

>900 

100  ±  30 

16  £  6 

zero 

aSnIx  at  725° C,  244  t  40  sec;  Snlx  at  775° C,  58  :  6  sec. 


Table  16.  Reignition  Delay  Data  for  Potassium  Dawsonite/Tin  Iodide  Mixtures. 


Composition 
of  mixture 

Bulk 

density, 

g/ml 

KD  +  Snlv  mixtures 
reignition  delay  data,  sec 

700  C 

750°C 

800°C 

850°C 

9003C 

100%  (CD 

0.87 

153  £  15 

81  £  18 

30  £  6 

19  £  3 

10  £  4 

1%  iodide 

0.90 

193  £  35 

89  £  15 

20  £  2 

5%  iodide 

0.88 

412  £  30 

162  £  15 

35  £  7 

9%  iodide 

0.88 

>900 

520  £52 

1  1 3  £  20 

58  £  6 

51  £  3 

1  7%  iodide 

0.96 

>900 

143  ±  14 

1 05  £  1 1 

63  £  5 
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Table  17.  Reignition  Delay  Data  for  KD/KI  Mixtures. 


1%  iodide 
5%  iodide 
9%  iodide 
16%  iodide 
20%  iodide 
50%  iodide 
1 00%  iodide 
KD/KC1  50/50 


Bulk 

density, 

KD  +  KI  mixtures 
reignition  delay  data,  sec 

g/ml 

700°  C 

750°C 

o 

O 

o 

00 

C 

850°C 

900°  C 

1.20 

188  ± 

40 

24  ± 

2 

10t  2 

1.21 

517  + 

130 

57  ± 

9 

14  +  2 

1.30 

>900 

548  ± 

70 

107  ± 

13 

27  ±3 

18  ±6 

1.32 

776  + 

30 

155  + 

14 

17  +  2 

160  ±  30 

>900fl 

100  ± 

30 

16  + 

6 

10±  4 

zero 

1.28 

28  ± 

9 

19  ± 

3 

11+4 
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Composition  of  matrix,  % 

Figure  29.  The  Synergistic  Effect  Seen  in  Fire  Control  Properties  for 
Potassium  Dawsomte  Doped  With  Tin  Iodide  at  Various  Temperatures. 


Although  preliminary  experiments  were  conducted  with  Nal,  and  Nal  as  an  additive, 
these  were  later  abandoned  in  favor  of  KI  additives  even  though  the  reignition  delays  pro¬ 
duced  were  exceptionally  favorable.  Sodium  iodide  is  known  to  be  strongiy  hygroscopic, 
obviating  any  sensible  storage  requirements  immediately,  and  was  not  considered  further  as 
either  a  single  component  or  an  additive. 

Since  synergism  implies  nonadditivity  of  properties  in  the  normal  manner,  indicating 
that  some  interaction  has  occurred,  it  is  necessary  to  explore  the  system  more  thoroughly  in 
an  attempt  to  elucidate  a  possible  mechanism:  this  will  be  described  in  the  next  section 
(A  New  Concept  in  Fire  Control). 
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COMPOSITION  OF  MATRIX,  % 

Figure  30.  The  Synergistic  Effect  Seen  in  Fire  Control  Properties  for 
Potassium  Dawsonite  Doped  With  Potassium  Iodide  at  Various 
Temperatures. 


A  NEW  CONCEPT  IN  FIRE  CONTROL 

The  synergistic  effects  seen  in  the  data  for  iodide  additives  to  Dawsonites  and  alu¬ 
minum  hydroxide  clearly  indicates  that  some  form  of  interaction  has  occurred  between 
the  matrix  and  the  additive.  This  synergism  displayed  in  Figures  28  to  30  is  similar  in  con¬ 
cept  to  the  non-ideal  behavior  of  vapor  pressures  correlated  by  Raoult's  Law  effects.  It  is 
postulated  that  the  volatility  of  the  additive  has  been  suppressed  in  some  way  by  the  matrix 
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carrier,  thus  slowing  its  relase  from  the  carrier  to  produce  long-term  time  control  of  the 
flammable  environment.  It  was  thought  initially  that  some  form  of  inorganic  crystal  clath- 
rate  or  inclusion  complex  had  been  formed  in  situ  on  the  plate  surface,  an  effect  akin  to 
the  microencapsulation  process  utilized  in  pharmacological  sciences  to  provide  time  con¬ 
trolled  release  of  drugs.  In  this  case,  formation  of  a  crystal  inclusion  complex  that  is  slowly 
broken  down  by  thermal  effects  releasing  the  fire  control  additive  slowly  as  the  crystal 
structure  is  degraded.  If  this  hypothesis  were  true,  then  heating  the  matrix  plus  doping 
solids  together  prior  to  use  would  produce  the  microencapsulation  effect  sought  ahead  of 
time,  and  thus  would  produce  an  effective  long-term  control  agent  for  the  fire.  This  hypo¬ 
thesis  was  tested  using  the  same  compounds  used  originally  to  produce  the  physical  mix¬ 
tures.  accordingly,  sodium  and  potassium  Dawsonites  were  ground  ( 1 0( XT  pass  #325 
ASTM  sieve)  and  mixed  with  varying  proportions  of  tin  iodide  (also  1007  pass  #325), 
heated  together  at  ca.  300aC  in  the  presence  of  ca.  400  psig  CO ->  gas  (to  prevent  decomposi¬ 
tion  of  the  Dawsonites)  for  1  2  to  24  hours.  This  process  we  refer  to  as  “calcining”  or 
“calcination”  Reignition  delay  data  for  these  calcined  solids  are  presented  in  Tables  18 
and  19.  Comparison  of  these  data  with  those  already  presented  in  Tables  15  and  16  for 
physical  mixtures,  shows  that  little  or  no  enhancement  of  the  fire  control  properties  occurs 
on  calcining  NaD  with  tin  iodide,  but  that  the  high  temperature  fire  control  properties  of 
K.D  calcined  with  tin  iodide  are  significantly  better  than  those  for  physically  mixed  solids- 
an  effect  that  is  expected  on  the  basis  of  our  hypothesis. 


Table  18.  Reignition  Delay  Data  for  Calcined  Mixtures  of  Sodium 
Dawsonite  and  Tin  Iodide  in  the  Temperature  Range  700  to  900°C. 


Composition3 
of  calcined 
solid  mixture 

Calcined  NaD/SnIx  mixtures 
reignition  delay  data,  sec* 

750'C 

800°  C 

900°  C 

1007  NaD 

0.87 

296  ±  50 

170  ±  50 

29  ±  5 

6  ±  3 

17  iodide 

0.89 

154  ±  6(15) 

46  ±  10  (15) 

14  t  3  (5) 

57  iodide 

088 

1 

259  ±42  (15) 

143  ±  16  (15) 

19  ±  4  (5) 

107  iodide 

0.89 

450  ±60  (15) 

214  ±  20  (15) 

41  ±  15  (5) 

20%  iodide 

0.94 

400  ±40  (15) 

217  ±  60  (15) 

34  ±  6  (5) 

100%  iodide 

2.69 

380  ±  80 

102  ±40 

19  ±  2 

^  t  2 

JBv  weight 

^Mea n  t  standard  deviation  (number  of  data  porntsf 
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Table  19.  Reignition  Delay  Data  for  Calcined  Mixtures  of  Potassium 
Dawsonite  and  Tin  Iodide  in  the  Temperature  Range  700  to  900°C. 


Composition2 
of  calcined 
solid  mixture 

Bulk 

density, 

g/ml 

Calcined  KD/Snl2  mixtures 
reignition  delay  data,  sec^ 

700°C 

750°C 

800°C 

900°  C 

100%  KD 

0.87 

153  ±  15 

81  ±  18 

30  ±  6 

10  +  4 

1%  iodide 

1.00 

67  ±  9 

36  ±8 

10  ±  3 

5'Zc  iodide 

1.07 

306  ±  100 

116  +  25 

37  ±  6 

1 0%  iodide 

1.40 

500 ±  100 

250  ±  40 

50  ±  5 

20%  iodide 

1.26 

550  ±  50 

340  ±  40 

53  ±  7 

100%  iodide 

2.69 

380  ±  80 

102  ±40 

19  +  2 

2  +  2 

aBy  weight 

^Mean  and  standard  deviation  (number  ot'data  points) 


Since  NaD  does  not  show  significant  performance  gain  on  calcination  with  tin  iodide, 
perhaps  reflecting  the  “softer”  matrix  compared  to  KD  (thermogravimetric  analyses  indicate 
that  NaD  decomposes  at  240  to  260°C,  and  KD  at  290  to  320°C),  we  decided  to  examine 
calcination  effects  in  KD  further,  together  with  calcination  procedures  in  Al(OH)3,  AlOOH, 
and  AhCh  matrices.  Data  in  Table  17  also  indicated  that  K1  was  a  more  effective  additive 
even  than  tin  iodide,  and  we  have  confined  this  phase  of  the  investigation  to  KI  additives 
alone  Additional  reignition  data  for  various  calcined  solids  are  given  in  Table  20.  For 
comparative  purposes,  reignition  delay  data  for  individual  components  and  for  physical 
mixtures  of  components  are  also  given.  To  aid  in  interpreting  Table  20,  note  that  we  use  the 
nomenclature  “KD  +  KI”  to  denote  a  physical  mixture  of  the  two  solid  components  and 
"KD  KI”  to  denote  the  calcined  solid  obtained  by  heating  both  solid  components  in  contact 
with  each  other.  It  should  also  be  noted  that  the  Dawsonites  can  be  synthesized  by  these 
high-temperature  high-pressure  solid-phase  reactions  (calcination),  and  that  this  forms  a 
new,  hitherto  unreported,  method  of  preparing  Dawsonites  in  high  yield  product  clean 
processes.  In  general,  we  form  the  KD-KI  calcined  solid  by  calcining  the  correct 
stoichiometric  quantities  of  KHCO3  and  Al(OH>3  in  the  presence  of  the  requisite  weight 
percent  of  KI  in  one  step. 

The  data  in  Table  20  indicate  that  KI  is  an  extremely  effective  additive  when  calcined 
with  either  AI2O3  or  KD,  and  additional  data  were  collected  for  reignition  delays  induced 
by  KD-KI  calcined  solids  containing  varying  proportions  of  KI.  These  data  are  shown  in 
Table  21,  and  for  comparison  purposes,  the  AI2O3  KI  calcined  solid  with  10%  w/w  of  KI 
are  presented  again  in  the  same  table.  It  is  apparent  that  a  10%  iodide  salt  content  (ca.  7% 
iodine  content)  is  reasonably  close  to  an  optimum  value,  and  that  these  two  calcined  solids 
(AI1O3  KI  and  KD-KI)  form  the  most  effective  fire  control  agents  tested  by  us  in  this  static 
assemblage. 
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Table  20.  Reignition  Delay  Data  for  Various  Calcined  Solids  and  Physical 
Mixtures  of  Potassium  Dawsonite  and  Aluminum  Derivatives 
With  Potassium  Iodide.12 


Bulk 

density, 

g/ml 

750°C 

800°  C 

900°  C 

Aluminum  Oxide  (AI2O3) 

1.07 

28  ±  12 

7  +  3 

zero 

AI2O3  +  KI  (mixed  solids) 

1.14 

>900 

388  +  31 

14  +  8 

AI2O3  KI  (calcined  solid) 

1.18 

>900 

557  ±  92 

50+12 

AlOOH  (“Boehmite”) 

1.01 

48  +  25 

5  ±  2 

zero 

AlOOH  +  KI  (mixed  solids) 
AlOOH  KI  (calcined  solid) 

1.08 

131  ±  7 

47  ±  12 

15  ±  4 

Al(OH)3 

1.58 

96  ±  15 

22  +  10 

3  +  1 

Al(OH)3  +  KI  (mixed  solids) 

1.49 

233  ±  60 

70+7 

Al(OH)3  KI  (calcined  solid) 

1.13 

72  +  3 

47  ±  8 

8  +  1 

KD 

0.87 

81  ±  18 

30  +  6 

10  +  4 

KD  +  KI 

1.30 

548  ±  70 

107  ±  13 

18  ±  6 

KD-KI 

1.09 

>900 

665  ±  44 

50  t  14 

KI 

100  ±30 

16  +  6 

zero 

a All  mixtures,  physical  or  calcined,  contain  10%  w/w  KI  in  matrix. 


Table  21.  Reignition  Delay  Data  for  Potassium  Dawsonite  Calcined  With 
Various  Proportions  of  Potassium  Iodide/7 


Bulk 

density, 

g/ml 

750°  C 

800°C 

900°  C 

KD 

0.87 

81  ±  18 

30  ±  6 

10  +  4 

KD-KI  (1%  calcined  solid) 

1.09 

466  ±  79 

87  ±  9 

26  +  2 

KD  -KI  (5 %  calcined  solid) 

1.03 

>900 

332  ±  40 

30  ±  4 

KD  -KI  ( 10%  calcined  solid) 

1.09 

>900 

665  ±  44 

50  +  14 

KD-KI  (20%  calcined  solid) 

1.36 

>900 

>900 

54+15 

KD-KI  (30%  calcined  solid) 

1.36 

>900 

>900 

54  ±  15 

AI2O3  KI  ( 10%  calcined  solid) 

1.18 

>900 

557  ±  92 

50  ±  12 

KD  -KI  (10%  calcined  solid) 

1.09 

>900 

665  ±  44 

50  +  14 

KI 

100  ±  30 

16  ±  6 

zero 

All  mixtures,  physical  or  calcined,  contain  10%  w/w  KI  in  matrix. 
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These  data  amply  support  the  hypothesis  initially  put  forward  that  calcination  im¬ 
pedes  the  loss  of  fire  control  additive  (in  this  case,  iodine,  from  a  potassium  iodide  precursor), 
providing  long-term  control  of  the  flammable  situation  by  slowly  releasing  small  quantities 
of  the  fire  control  agent  through  thermal  activation.  One  can  thus  envisage  the  situation 
where  the  exact  properties  of  an  extinguishant  can  be  “tailored”  to  suit  any  type  of  flam¬ 
mable  situation.  In  particular,  for  large  conflagration  such  as  forest  fires,  large  concentra¬ 
tions  of  the  fire  control  agent  are  needed  initially  to  provide  good  knock-down  capabili¬ 
ties,  since  rationally,  it  is  not  expected  that  this  type  of  fire  will  reignite  once  extinguished 
and  long-term  time  control  is  unnecessary.  However,  for  hot  surface  or  electrically  initiated 
fires  in  the  presence  of  a  continuous  fuel  source  (e.g.,  engine  compartment  fires  for  internal 
combustion  engines),  reignition  is  continuous  in  the  absence  of  an  extinguishant.  Thus,  the 
extinguishant  should  degrade  thermally  to  produce  sufficient  agent  to  control  the  fire,  but 
no  more,  allowing  slow  consumption  of  the  extinguishant  to  provide  long-term  time  control 
of  the  flammable  environment.  It  is  possible  that  a  second  additive  may  be  needed  to  pro¬ 
duce  good  knock-down  capabilities,  or  that  this  facet  of  control  can  be  provided  from  the 
matrix  carrier  itself. 


NATURE  OF  TIN  IODIDE  DOPED  SOLIDS 

It  is  pertinent  at  this  point  to  comment  briefly  on  the  nature  of  tin  iodide  doped 
solids,  especially  calcined  solids.  As  mentioned  above,  the  commercially  supplied  tin(II) 
iodide  was  found  (via  X-ray  diffraction  spectrometry  crystal  analysis)  to  contain  large  and 
varying  proportions  of  tin(IV)  iodide.  Tin(II)  iodide  is  particularly  sensitive  to  air  oxidation, 
moisture,  and  light  induced  reactions.  One  point  noted  early  in  the  investigation  was  that 
the  physical  mixtures  of  Snlx  with  any  matrix  were  distinctively  colored  (pink  to  deep 
orange,  depending  on  concentrations  of  Snlx  added).  After  calcination,  these  solids  were 
virtually  colorless.  Moreover,  TGA  (thermogravimetric  analysis)  of  these  calcined  solids 
exhibited  quite  different  characteristics  to  the  physical  mixtures.  After  extensive  investiga¬ 
tion  (described  in  the  Appendix)  it  was  found  that  the  calcined  solid  no  longer  contained 
any  tin  iodide  at  all,  merely  an  amorphous  colorless  hydrated  tin  oxide  (stannic  acid), 
and  potassium  iodide  (also  colorless).  Indeed,  in  retrospect,  the  fire  control  properties  of 
tin  iodide  doped  KD  calcined  solids  mimic  quantitatively  those  of  KD-KI  calcined  solid, 
as  they  should,  since  the  presence  of  KI  (quantitative  conversion  based  on  tin  iodide  con¬ 
centrations)  in  the  calcined  solid  is  now  firmly  established  and  quite  unambiguous.  Thus, 
the  use  of  tin  iodide  as  a  dopant  was  discontinued  immediately,  and  cannot  be  recom¬ 
mended  in  any  way  for  use  as  a  fire  control  additive,  nor  will  it  be  considered  further. 


NATURE  OF  THE  CALCINED  SOLID 

It  was  initially  proposed  that  the  calcined  solid  was  some  form  of  inorganic  crystal 
clathrate  or  inclusion  complex.  However,  examination  of  KD-KI  and  AI2O3KI  by  TGA 
discloses  that  the  properties  of  the  calcined  solid  are  additive  properties  of  the  components, 
and  not  a  distinctive  new  species.  Further,  X-ray  diffration  crystal  analysis  shows  quite 
unambiguously  that  the  calcined  solid  is  merely  an  intimate  mixture  of  both  components. 
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and  no  new  crystalline  form  can  be  detected.  Thus  the  explanation  for  the  vigorously 
enhanced  fire  control  properties  must  lie  elsewhere,  since  the  hypothesis  of  microencapsula¬ 
tion  via  a  new  crystal  inclusion  complex  is  no  longer  tenable.  However,  the  concept  of 
reducing  the  volatility  of  the  additive  by  the  carrier  matrix  is  still  acceptable  and  does 
provide  a  good  explanation  for  the  observed  facts.  The  exact  mechanism  of  this  volatility 
control  is  not  presently  understood,  although  we  can  advance  one  possible  explanation  for 
the  observed  behavior. 

In  making  the  calcined  solid,  as  compared  to  simple  mixing  of  two  separate  solid 
phases,  and  particularly  for  the  situation  where  KD  is  synthesized  in  the  presence  of  KI,  an 
extremely  intimate  mix  of  particles  is  produced.  The  minor  component,  KI,  will  find  itself 
in  an  environment  dominated  by  KD,  and  each  KI  particle  will  be  in  excellent  thermal  con¬ 
tact  with  a  larger  molecular  total  of  KD.  On  warming  the  whole  system,  preferential  thermo¬ 
lysis  will  occur  for  the  major  component,  and  since  KD  decomposition  is  severely 
endothermic,  little  or  no  heat  energy  will  be  available  for  volatilizing  KI  and/or  thermal 
activation  of  KI.  Thus,  the  effect  postulated  as  being  essential  for  long-term  control,  that 
of  volatility  reduction,  can  equally  be  accomplished  via  this  “heat-sink”  hypothesis,  rather 
than  the  microencapsulation  process  envisaged  initially.  It  might  be  inferred,  therefore,  that 
calcination  procedures  could  perhaps  be  replaced  by  a  process  where  the  dopant  is  dissolved 
in  a  suitable  solvent,  allowed  to  wash  the  carrier  matrix  (obviously  the  matrix  should  be 
insoluble  in  the  solvent),  and  then  evaporation  of  the  solvent  could  leave  all  carrier  particles 
coated  with  the  dopant  additive.  This  procedure,  analogous  to  that  used  to  coat  stationary 
phases  onto  GLC  (gas-liquid  chromatography)  support  materials  for  GLC  columns,  has  not 
yet  been  tried.  Further,  it  is  possible  that  a  suitable  molecular  sieve  could  be  found  whose 
pore  size  would  hold  a  dopant  molecule,  or  perhaps  merely  the  active  (iodide/iodine) 
moiety  of  the  additive  itself.  Equally,  a  polymeric  anion  exchange  substrate  loaded  with  an 
iodide  anion  may  provide  similar  volatility  reductions,  provided  that  the  polymer  was 
nonflammable  and  thermally  stable.  These  processes  might  reduce  volatility  by  many  orders 
of  magnitude.  The  remaining  adjustments  needed  for  tailoring  an  exact  fire  control  agent  to 
the  situation  would  be  to  synthesize  a  suitable  molecular  sieve  (usually  naturally  occurring 
ziolites;  e  g.,  molecular  sieve  5A  with  a  5-angstrom  pore  size,  or  M.S.  13X  with  10-angstrom 
pores)  or  a  matrix  carrier  whose  thermal  degradation  temperature  was  matched  to  those  of 
the  fire.  This  process  would  more  closely  resemble  the  microencapsulation  concept 
advanced  by  us  earlier.  Data  from  these  approaches  are  not  yet  available. 


SUMMARY 


Static  Testing  Assemblage 

The  primary  purpose  of  this  investigation  was  to  test  various  existing  dry  chemical 
fire  extinguishants,  to  synthesize  new  ones  where  possible,  and  to  provide  a  preliminary 
ranking  of  their  effectiveness  with  regard  to  fire  control  (particularly,  hot  surface  initiated 
fuel  fires)  prior  to  dynamic  testing  procedures  and  evaluation.  A  secondary  purpose  was  to 
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recommend  potential  systems  for  further  study  via  a  dynamic  fire  test  simulator,  and  to 
finally  recommend  systems  compatible  with  the  criteria  delineated  in  a  previous  section 
(Choice  of  Potential  Systems).  Thus,  the  fire  control  chemicals  should  (see  Table  1 ): 

1.  Be  stable  to  storage  at  260°C  (advanced  systems)  or  120°C  (current). 

2.  Possess  no  hygroscopic  or  efflorescent  properties  leading  to  weight  changes  that 
will  exceed  5%  of  the  mass  of  the  powder  supplied. 

3.  Induce  a  reignition  delay  in  a  JP-4  fuel  fire  of  greater  than  300  seconds  at  a 
hot  surface  temperature  of  800°C,  and  possess  knock-down  capabilities  for  the  flame  in 
addition  to  long-term  time  control. 

To  test  for  storage  capabilities  at  temperatures  up  to  260°C  we  have  simply  tested  our 
solid  dry  chemicals  for  resistance  to  thermal  degradation  by  using  TGA  techniques.  Equally, 
hygroscopic  and  efflorescent  properties  were  tested  directly  by  weighing  powders  before 
and  after  exposure  to  air  saturated  with  water-vapor,  and  to  dry  air.  We  may  then  extract 
reignition  delay  data  from  Tables  8  through  21,  inclusive,  and  rank  them  subject  to  the 
criteria  delineated.  In  view  of  the  comments  given  for  tin  iodide,  data  for  mixtures  con¬ 
taining  this  compound  have  not  been  included  in  this  section.  We  also  use  the  term 
MARGINAL  herein  to  imply  that  the  compound  formulated  will  meet  all  requirements 
except  storage  at  260°C  (for  advanced  systems),  but  will  meet  storage  requirements  for 
current  aircraft  (storage  to  120°C)  rather  than  those  predicted  for  advanced  vehicles. 

We  have  chosen  to  present  our  data  summary  in  the  form  of  two  tabular  presentations: 

1.  A  rank-ordered  presentation  of  all  data  observed  for  compounds  tested  in  the 
static  combustion  assemblage,  ranked  according  to  their  performance  in  controlling  a  JP-4 
fuel  fire  at  a  nominal  temperature  of  800°C  as  measured  by  the  magnitude  of  the  observed 
reignition  delay  induced  by  a  lOg  sample  (arbitrarily  chosen  sample  size).  For  convenience, 
sequences  involving  varying  proportions  of  an  additive  have  been  grouped  together.  It  is 
possible  that  one  member  of  one  group  is  out  of  sequence  relative  to  another  member  of  a 
group  above  and/or  below  it.  A  certain  degree  of  subjective  value  judgement  has  been 
exercised  by  the  authors  in  ranking  group  sequences  relative  to  each  other.  In  the  light  of 
comments  made  concerning  tin  iodide,  data  for  calcined  samples  of  matrices  containing  tin 
iodide  have  been  deleted  from  consideration,  although  physical  mixtures  are  presented. 
These  data  are  presented  in  Table  22,  where  we  also  indicate  suitability  with  respect  to  both 
current  and  advanced  specifications  for  storage  as  delineated  in  Table  1. 

2.  We  present  data  for  only  those  systems  that  produce  a  reignition  delay  of 
300  seconds  (arbitrarily  given  limit)  or  more,  and  also  meet  the  storage  requirements.  These 
data  are  presented  in  Table  23. 
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Table  22.  Dry  Chemicals  Rank-Ordered  According  to  Their  Performance  in 
Inducing  a  Reignition  Delay  at  800°C  and  Controlling  a  JP-4  Fuel  Fire. 


Dry  chemical  system*2 

Reignition 

delay. 

sec 

Storage  Sutiabiiity ^ 

Current, 

120°C 

Advanced 

260°C 

KD  KI 

1%  iodide 

87  ±9 

Yes 

Yes 

Calcined  Solid 

5%  iodide 

332  ±  40 

Yes 

Yes 

10%  iodide 

665  ±44 

Yes 

Yes 

20%  iodide 

449  ±32 

Yes 

Yes 

30%  iodide 

>900 

Yes 

Yes 

AbC>3  KI  Calcined 

1 0%  iodide 

557  ±92 

Yes 

Yes 

Al-*03  +  KI  Mixture 

10%  iodide 

388  ±31 

Yes 

Yes 

NaD  +  Snlx  Mixture 

1%  iodide 

71  ±7 

Marginal 

No 

S%  iodide 

157  ±  16 

Marginal 

No 

10%  iodide 

201  ±  30 

Marginal 

No 

20%  iodide 

320  ±  65 

Marginal 

No 

40%  iodide 

374  ±  45 

Marginal 

No 

60%  iodide 

510  ±90 

Marginal 

No 

80%  iodide 

20  ±4 

Marginal 

No 

KD  +  KI  Mixture 

1%  iodide 

24  i  2 

Yes 

Yes 

5%  iodide 

57  ±9 

Yes 

Yes 

9%  iodide 

107  ±  13 

Yes 

Yes 

20%  iodide 

155  ±  14 

Yes 

Yes 

KD  +  Snlx  Mixture 

1%  iodide 

89  ±  15 

Marginal 

No 

5%  iodide 

162  ±  15 

Marginal 

No 

10%  iodide 

113  ±20 

Marginal 

No 

1 7%  iodide 

143  ±  14 

Marginal 

No 

Al(OH)3  +  KI  Mixture 

1%  iodide 

15  ±  3 

Yes 

Marginal 

5%  iodide 

40  ±4 

Yes 

Marginal 

10%  iodide 

70  ±  7 

Yes 

Marginal 

20%  iodide 

96  ±  9 

Yes 

Marginal 

Al(OH)3  KI  Calcined 

10%  iodide 

47  ±  8 

Yes 

Marginal 

AlOOH  KI  Calcined 

1 0%  iodide 

47  ±  12 

Yes 

Marginal 

Al(OH)3  +SnIx 

1%  iodide 

15  ±  2 

Yes 

Marginal 

Solid  Mixture 

5%  iodide 

30  ±9 

Yes 

Marginal 

10%  iodide 

35  ±4 

Yes 

Marginal 

Nal 

90  ±  25 

No 

No 

KHC03  AnsulCorp  “Purple-K®” 

38  ±  8 

Marginal 

No 

KD 

30  ±  6 

Yes 

Yes 

K2CO3  Ansul  Corp. 

<30  ±  1 0> 

No 

No 

NaD 

29  ±  3 

Marginal 

No 

SnL 

19  ±  2 

No 

No 
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Table  22.  (Contd.). 


Rank 

at 

800°  C 

Dry  chemical  system^ 

Reignition 

delay, 

sec 

Storage  Sutiabilityb 

Current. 

120°C 

Advanced, 

260°C 

17 

KD  +  KC1  50%  w/w 

19  ±3 

Yes 

Yes 

18 

Al(OH)3 

18±6 

Marginal 

No 

19 

KD  +  B2O3  10%  w/w 

18  ±  5 

Yes 

Yes 

20 

Kr 

16  ±  6 

Yes 

Yes 

21 

KHC03-Urea*  I.C.l.  Ltd.  “Monnex®” 

9±  2 

Marginal 

No 

KC1 

<  9±4  > 

Yes 

Yes 

NaCl 

8±3 

Yes 

Yes 

Na2W04 

8  ±  2 

Yes 

Yes 

23 

A1203 

7  ±3 

Yes 

Yes 

24 

AlOOH 

5  +  2 

Marginal 

No 

SnClx  2HoO 

<  5  ±  3  > 

No 

No 

Na2W04  2H20 

<  5  ±3  > 

No 

No 

25 

SnOx  nH->0 

<  4±2  > 

No 

No 

k3ajf6 

<  4  ±  2  > 

Yes 

Yes 

H3B03 

<  4  +  2  > 

No 

No 

26 

NH4H2P04  Ansul  Corp. 

<  3  t  2  > 

No 

No 

NH4H2P04  PyroChem  Corp. 

<  3  ±  2  > 

No 

No 

B2°3 

3  ±  2 

Yes 

Yes 

K'iS04 

<  3  ±  2  > 

Yes 

Yes 

27 

CI4 

<zero> 

No 

No 

a“KD  +  KI"  implies  a  mixture,  “KD  •  KI"  implies  a  calcined  solid. 

*As  delineated  in  Table  1. 

cSubjective  judgement  exercised  by  authors  in  ranking  sequences  of  data. 
^Snlx  implies  unspecified  mix  of  SnI->  and  Snl4. 
eA  carbamate  condensation  product  between  these  two  species. 


In  summary,  only  two  systems,  KD  calcined  with  KI,  and  AJ2O3  calcined  with  KI, 
meet  the  strict  requirements  delineated  by  the  original  terms  of  the  investigation.  These 
systems  will  be  tested  experimentally  in  the  dynamic  combustion  assemblage,  and  data 
for  these  compounds  and  others  will  be  presented  in  Section  4. 
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Table  23.  Potential  Dry  Chemicals  That  Satisfy  the  Storage  Requirements  and 
Produce  a  Reignition  Delay  Greater  Than  300  Seconds  at  800°C.a 


at 

800°  C 


Dry  chemical  system 

Reignition 

delay, 

sec 

KD  KI  Calcined  Solid 

5%  iodide 

332  ±40 

1 0 %  iodide 

665  ±44 

20%  iodide 

449  ±32 

30%  iodide 

>900 

AliOj  KI  Calcined 

1 0%  iodide 

557  ±92 

AliOj  +  KI  Mixture 

10%  iodide 

388  ±31 

Storage  sutiability 


Advanced, 


Current 
1 20°C 


It  is  possible  that  some  calcined  mixtures  ot'  NaDKI  will  also  meet  the  criterion  of  300  seconds 
reumuion  delay  time,  but  NaD  is  of  marginal  suitability  for  current  storage  requirements  and 
unsuitable  for  advanced  systems. 
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Section  4 
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DYNAMIC  TESTING  WITH  SIMULATED  AIRFLOW* 


To  provide  further  data,  over  and  above  those  from  the  static  combustion  assem¬ 
blage,  and  to  more  closely  simulate  conditions  that  would  obtain  in  an  aircraft  engine 
nacelle  in  flight,  a  second  experimental  assemblage  was  designed  and  built.  In  this  second 
assemblage,  the  additional  variable  of  air  velocity  across  the  heated  plate  surface  was 
included,  and  a  design  fabricated,  that  allowed  this  variable  to  take  values  in  the  range 
0  to  approximately  50  m/sec.  Materials  recommended  from  the  static  assemblage  testing 
phase,  recommended  by  the  Arthur  D.  Little  report,  and  materials  available  commercially, 
were  tested  in  this  dynamic  assemblage,  at  air  velocities  up  to  ca.  150  ft/sec  (36  m/sec),  and 
temperatures  of  800°C,  with  some  materials  tested  at  900°C. 

INTRODUCTION 

In  many  of  the  cited  references  (References  1-25),  some  form  of  dynamic  testing 
prevails.  Details  given  in  References  17-19  provided  much  of  the  background  for  the  design 
of  our  assemblage,  and  we  have  designed  an  assemblage  that  offers  greater  dynamic  range  for 
the  variables  involved  than  in  previous  such  facilities.  Moreover,  previous  investigations 
have  not  included  any  data  on  the  effectiveness  of  dry  chemical  extinguishants,  but  have 
concentrated  on  the  effects  of  CCH  and  various  Halons. 

What  was  shown  by  previous  investigators  was  the  need  for  a  simple  laboratory  sized 
tire  simulation  system  that  allowed  a  combustible  fuel  to  contact  and  ignite  on  a  heated 
surface  capable  of  holding  the  tlame  at  surface  airflow  speeds  that  ranged  from  about  0  to 
50  m/sec.  A  quantity  of  extinguishant  dry  chemical,  liquid  or  gas  injected  well  upstream  of 
the  active  Fire,  would  be  carried  by  the  airflow  to  the  heated  surface  igniting  the  applied 
fuel,  and  would  proceed  to  interfere  with  the  flame  reactions  causing  a  fire  knock-down. 
Following  knock-down,  a  successful  extinguishant  candidate  should  also  inhibit  reignition  of 
the  fuel  by  continued  interference  with  the  combustion  processes.  In  this  latter  event,  even 
though  fuel  continued  to  be  applied  to  a  heated  surface  which  is  capable  of  igniting  the  fuel 
at  a  known  airflow  over  the  surface,  the  ignition/combustion  processes  would  be  delayed  for 
as  long  a  period  as  possible.  In  subsequent  experiments,  20  seconds  was  selected  as  a  delay 
time  goal,  when  it  became  obvious  that  a  combination  of  the  following  three  factors 
would  preclude  reignition  at  any  time  beyond  this  limit  (20  seconds)  even  if  the  extin¬ 
guishant  was  quite  ineffective:  (1)  surface  cooling  due  to  evaporating  fuel,  (2)  enhanced 
surface  scouring  by  the  airflow  resulting  in  greater  convective  heat  transfer  losses,  and 

•Funded  via  NASA-Ames  Research  Grant  NSG-2165  made  to  Professor  Donald  J.  Myronuk  of  the  Civil  E  ngineering 
Department  of  San  Jose  State  University, 
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(3)  the  relatively  low  thermal  conductivity  of  the  heated  surface  material  which  results  in  a 
local  lowering  of  the  heated  surface  temperature  to  values  that  would  no  longer  be  adequate 
to  ignite  the  fuel. 

The  implied  experimental  approach  precludes  a  catastrophic  failure  of  an  engine  in 
a  nacelle  space,  or  bum-through  of  a  combustion  can  leaving  a  massive  flame  ignition  source, 
or  a  continuous  high-energy  spark  capable  of  igniting  virtually  any  fuel/air  mixture.  The 
simulation  described  in  this  report  would  more  realistically  represent  a  failed  fuel,  hydraulic 
or  lubrication  fluid  line,  spewing  combustible  fluid  over  heated  engine  surfaces  or  friction- 
ally  heated  wheel/brake  assemblages  leading  to  ignition  and  a  potentially  disastrous  fire.  The 
prime  function  then  of  a  successful  extinguishant  candidate  used  in  the  nacelle-type  fire 
simulator  system  was  to  be  able  to  knock  down  the  initial  fire  and  prevent  its  reignition  for 
as  long  a  period  as  possible,  even  though  the  combustible  fuel/air  mixture  continues  to 
contact  a  heated  surface  capable  of  causing  reignition. 


FACILITY  CONSTRUCTION 

A  schematic  view  of  the  experimentally  evolved  dynamic  fire  simulator  system,  with 
a  close-up  sketch  of  the  heated  surface,  and  multiple  flame  site  generators  on  the  surface, 
are  shown  in  Figures  31,  32,  and  33.  The  final  choice  for  the  nacelle  fire  simulator  heated 
surface  utilized  a  l -meter  long  section  of  3-inch  Schedule-80  stainless  steel  pipe  internally 
heated  with  a  propane/air  flame.  The  heater  had  a  separate  exhaust  system.  The  upper, 
outer  surface  of  the  pipe  was  extensively  drilled  and  threaded  to  accept  1.3-cm  diameter 
threaded  rods  that  projected  from  the  outer  surface  penetrated  2  cm  into  the  interior  of  the 
pipe.  Acting  as  thermally  conductive  pin  fins,  the  rods  help  to  conduct  heat  from  the  hotter 
regions  of  the  air/propane  flame  to  the  outer  surface  of  the  stainless  steel  pipe  through  the 
pipe  interior  insulating  boundary  layer.  Without  the  interior  fins,  the  relatively  low  value  for 
the  thermal  conductivity  of  stainless  steel  would  allow  too  rapid  a  cooling  of  the  exterior 
upper  surface,  which  mandatorily  had  to  remain  hot  enough  to  ignite  the  fuel  applied  to  the 
surface.  A  simple  trough  and  two  parallel  rods  welded  to  the  upper  surface  served  to  hold 
the  fuel  in  intimate  contact  with  the  heated  surface  until  the  combustion  process  could 
be  well  established,  especially  at  the  higher  airflows.  A  combination  of  exterior  projections 
welded  to  the  pipe,  as  well  as  the  threaded  holes  for  the  pin  fins  (as  opposed  to  welding  the 
internal  fins  in  place),  served  to  minimize  tube  warpage  due  to  the  enormous  thermal 
stresses  which  occurred  when  one-third  of  the  upper  periphery  of  a  horizontal  red-hot  ( 800°C) 
tube  was  being  repeatedly  sprayed  with  a  cold  liquid  fuel,  as  well  as  being  scoured  by  a 
high-speed  airstream  over  the  upper  third  of  the  heated  surface.  The  problem  of  thermal  dis¬ 
tortion  of  the  heating  surface  as  well  as  the  containment  channels  and  exhaust  ducting  was 
minimized  by  using  smoothly  curved  sections  or  surfaces  for  their  strength,  while  at  the 
same  time  the  sections  were  laterally  supported,  but  were  unconstrained  in  a  longitudinal 
plane  to  allow  motion  of  the  thermally  expanding  or  contracting  parts.  Sharp  comers,  or 
intersecting  flat  plates,  tended  to  warp  badly  to  the  point  of  self  destruction  of  welds  or 
materials  when  temperature  variation  ratesof  more  than  lOO°C/sec  were  experienced. 
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WATER 
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HIGHSPEED  ELECTRIC  OPEN  TEST  SECTION  SCRUBBER 

AIRBLOWER  AIR  PREHEATER  HEATED  SURFACE 

Figure  31.  A  Schematic  Representation  of  the  Dynamic  Fire  Test  Assemblage 
for  Evaluating  the  Fire  Control  Performance  of  Gaseous,  Liquid,  and 
Solid  Extinguishants. 


Figure  32.  Enlarged  View  of  the  Heated  Surface  and  Multiple 
Ignition  Points  for  the  Dynamic  Fire  Test  Assemblage. 
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"R"  .  .  .  TWO  PARALLEL  RODS  TO  RETAIN  FUEL 
ON  CURVED  OUTER  HOT  SURFACE 


NOTE:  Assemblage  is  approximately  SO  cm  in  length. 

Figure  33.  Schematic  Representation  of  Heated  Ignition  Surface  Showing 
Thermal  Condition  Pins  and  Boundary  Layer  Separators  for  the  Multiple 
Ignition  Points. 


A  major  system  design  problem  that  was  successfully  solved  involved  the  selection  of 
appropriate  flame  holders  on  the  heated  surface.  When  room  temperature  air  velocities  were 
above  a  few  meters  per  second  and  flowing  over  a  smooth,  visibly  red-hot  stainless  steel  sur¬ 
face,  it  was  virtually  impossible  to  ignite  the  JP-4  fuel  by  simply  spraying  it  onto  the  hot 
surface  as  a  liquid,  or  as  a  premixed  air/fuel  mist.  In  order  to  ignite  the  fuel  stream  on  the 
heated  surface  over  which  air  was  flowing  (without  any  external  spark  or  open  flame  source) 
a  stagnation  region  must  be  generated  in  the  smooth  surface,  and  a  combustible  mixture 
of  fuel  and  air  retained  in  this  region.  In  turn,  the  air-vapor  mixture  must  be  retained  in 
contact  with  the  heated  surface  until  the  combustion  of  the  fuel  becomes  continuous. 
Sheet  metal  strips  projecting  through  the  boundary  layer  of  the  airflow  over  the  heated  sur¬ 
face  were  a  simple  means  of  generating  mixture  stagnation,  retention,  and  ignition  zones 
over  the  heated  surfaces.  However,  the  geometry  of  such  flame  holders  could  range  in 
description  from  random  shards  of  tom  metal  or  shrapnel,  to  carefully  designed  and  located 
reentrant  cavities.  Each  variety  could  play  a  very  significant  role  in  any  subsequent  fire 
extinguishment  operation,  for  if  the  flame  holders  were  well  designed  (e.g.,  reentrant  and 
overlapped,  such  as  downstream-facing  cavities  or  conics)  there  was  no  reasonable  way  to 
extinguish  an  established  flame  without  either  cutting  off  the  air  or  fuel  supply,  or  using  a 
great  quantity  of  extinguishant  material  and  flooding  the  entire  fire  zone  hoping  that  some 
of  the  extinguishant  penetrated  the  stagnation  zone.  On  the  other  hand,  a  crude  flat  or 
curved  sheet  metal  projection  may  act  as  an  apparent  flame  holder  on  or  near  a  heated  sur¬ 
face,  especially  if  a  combustible  mixture  and  a  source  of  flame  were  provided  from  some 
other  area  upstream  of  the  flame  holder,  or  in  the  neighborhood  of  the  flame  holder  How¬ 
ever,  a  vigorous  puff  of  air  could  blow  out  the  flames,  and  the  inadequate  stagnation  zone 
would  not  allow  reignition.  In  this  case,  fire  knock-down  would  be  immediate;  however, 
chances  were  the  extinguishant  played  a  tiny  role  in  the  process,  and  measurements  or 
observations  of  relative  effects  with  other  extinguishant  agents  would  really  have  no 
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meaning.  A  compromise  solution  to  the  problem  of  flame  holder  geometry  involved  a 
simple  reentrant  variety  with  a  flap  facing  downstream,  allowing  formation  of  a  flame 
stagnation  zone  at  all  test-section  channel  airspeeds,  yet  at  the  same  time,  it  allowed  some 
infiltration  of  extinguishant  material  into  the  stagnation  burning  zone.  Perforations  in  the 
boundary  layer  separators  allowed  both  air  and  extinguishant  to  slightly  penetrate  the  cavity 
formed  by  the  metal  strip.  Further,  the  perforation  area  was  of  such  a  value  as  to  provide 
atmospheric  pressure  inside  the  cavity  at  all  airflows  over  the  top  of  the  reentrant  stagnation 
cavity  generators.  With  the  modified  multiple  flame  system,  the  minimum  temperature  for 
hot-surface  ignition  of  JP-4  fuel  with  very  low  velocity  airflows  was  of  the  order  of  575°C. 
and  ignition  occurred  within  a  fraction  of  a  second  after  application  of  the  fuel  to  the  hot 
surface. 

Initially,  a  single  flame  holder  on  the  heated  surface  in  the  airstream  was  used  to  be¬ 
gin  the  evaluation  of  extinguishants.  In  the  subsequent  review  of  16  mm  movie  films  of  the 
various  fire  conditions,  it  was  concluded  that  multiple  fire  locations  would  be  much  more 
representative  of  a  nacelle  fire  than  a  single  fuel/fire  source.  In  this  latter  case,  fuel  was 
sprayed  into  the  stagnation  region  of  an  appropriate  boundary  layer  interrupter  or  separator. 
When  an  extinguishant  agent  was  applied,  fresh,  nondecomposed  extinguishant  would 
impinge  on  the  single  flame  region  and  conditions  for  successful  flame  knock-down  could  be 
noted.  However,  a  more  stringent  representative  test  of  knock-down  ability  would  result 
when  there  were  multiple  independent  flames  combined  with  an  initial  extinguishant  agent 
concentration  decrease  due  to  agent  decomposition  in  the  initial  flame,  as  well  as  dilution 
in  the  open  channel  of  the  test  section.  In  the  modified  fire  simulator  system,  a  vigorous 
flame  was  established  in  at  least  three  locations;  but  in  addition,  a  further  stream  of  fuel 
was  sprayed  into  the  airstream  just  above  the  flame  rows  on  the  heated  surface.  While  the 
initial  investigation  was  to  involve  air  flowing  at  room  temperature,  a  bank  of  resistance 
heaters  could  be  used  to  preheat  the  flowing  airstream,  since  it  has  been  well  established 
that  a  fuel  can  be  more  easily  vaporized  in  heated  air,  and  hot-surface  ignition  will  then 
occur  more  readily  than  for  a  cold  airstream. 

For  safety,  a  scrubber  box  was  built  to  ingest  and  remove  the  flame  combustion  pro¬ 
ducts,  toxic  decomposition  products  of  the  Halons  (HBr,  HC1,  HF).  as  well  as  some  dry 
chemical  particulates.  In  addition,  the  box  water-spray  system  cooled  a  potentially  explosive 
fuel/air  mixture  that  was  formed  in  the  test  section  after  flame  knock-down  occurred,  and 
prior  to  the  operator  turning  off  the  fuel.  A  simple  water  seal,  coupled  with  blowout  panels 
and  protective  blast  screens  was  designed  to  provide  adequate  personnel  protection  from 
any  minor  fuel/air  explosion  in  the  scrubber  box. 

EXPERIMENTAL  METHODOLOGIES 

The  following  parameters  were  experimentally  accessible  with  this  dynamic  fire 
testing  assemblage: 

1 .  Zero  to  50  m/sec  airflow  velocities  at  20°C  and  1  atmosphere. 

2.  Zero  to  15  m/sec  airflow  velocities  at  100°C  and  1  atmosphere. 
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3.  Zero  to  450  g/sec  mass  How  rates. 

4.  Stainless  steel  (Schedule-80  SS-321)  heated  surface,  with  200  cm-  area,  and 
ambient- 1050° C  accessible  temperature  range. 

5.  Combustible  fluids  from  JP-4,  JP-5,  Jet-A,  Jet-B,  and  other  vehicular  fuels,  to 
lubricating  and  hydraulic  fluids,  can  be  used  at  flow  rates  up  to  250  ml/min  at  low  pressure 
capillary  tube  feeds,  or  15  to  25  ml/min  via  spray  injection  at  6.9  M  Pa. 

6.  Extinguishants  can  be:  powders  at  0  to  60  g/sec;  liquids  at  0  to  100  g/sec;  gases 
at  0  to  100  g/sec. 

Specific  agents  were  injected  in  single  bursts,  in  a  sequence  of  bursts  or  simultaneously  with 
other  solid,  liquid,  or  gaseous  agents.  Combustion  products,  extinguishing  agent  decomposi¬ 
tion  products  (HBr,  HC1),  and  dry  chemicai  particulates  were  removed  by  the  scrubber  box. 
In  the  immediate  vicinity  of  the  open  flame  section,  some  Halon  decomposition  products 
escaped  to  the  local  atmosphere.  Additional  ventilation  fans  prevented  these  products  from 
diffusing  in  the  room  and  making  contact  with  operating  personnel  who  normally  worked 
well  away  from  the  active  burning  region  of  the  system.  Figure  34  summarizes  the  general 
operational  parameters  for  JP-4  burning  on  a  heated  stainless  steel  surface  with  room  temp¬ 
erature  air  flowing  over  the  heated  surface,  which  is  open  to  the  atmosphere,  it  is  believed 
that  these  characteristics  are  representative  of  general  hot-surface  ignition  of  hydrocarbons 
in  a  flowing  airstream. 


SURFACE  TEMPERATURE,  °C 

Figure  34.  General  Operating  Parameters  for  JP-4  Fuel  Ignition 
on  a  Heated  Surface  as  a  Function  of  Local  Air  Velocity. 


~4 


JTCG/AS-82-T-002 


It  was  noted  that  the  fuel  did  not  ignite  immediately  upon  contacting  the  heated 
surface.  The  liquid  first  vaporized,  and  then  the  air/vapor  mixture  required  adequate  contact 
time  with  the  hot  surface  before  formation  of  a  visible  flame  was  seen  to  occur.  At  higher 
airflow  velocities,  even  with  the  flame  holders  generating  stagnation  regions  on  the  hot 
surface,  the  increased  surface  scouring  by  the  turbulent  airflow  generating  wakes  and 
eddies  caused  an  even  greater  delay  in  the  ignition  of  the  fuel.  Now  should  ignition  be 
delayed  beyond  a  few  seconds  at  any  airflow,  a  combined  effect  of  local  surface  cooling 
due  to  evaporating  fuel  as  well  as  the  high  local  airspeed,  would  cause  an  additive  effect 
that  prevented  air/vapor  mixtures  in  the  hot-surface  boundary  layer  from  ever  attaining  a 
threshold  ignition  temperature,  and  no  self-ignition  was  observed.  With  increasing  air  speeds, 
higher  hot-surface  temperatures  were  required  to  produce  a  fire.  Finally,  ignition  tempera¬ 
tures  and  air  velocity  relationships  became  quite  independent  above  850  to  900°C.  At  this 
extreme  condition  any  flame  control  required  continuous  applications  or  single  injections 
of  very  large  quantities  of  agent. 

For  this  particular  simulator  system,  operational  experience  has  led  to  the  adoption 
of  two  parameter  values;  a  fuel  flow  rate  of  250  ml/min  (so  that  excessive  quantities  of 
applied  evaporating  fuel  did  not  cool  the  entire  heated  surface  to  a  point  where  local  reigni¬ 
tion  could  not  occur),  and  an  arbitrary  upper  limit  to  the  reignition  delay  of  20  seconds.  In 
this  latter  case,  the  stainless  steel  surface  was  cooled  by  evaporating  fuel  and  surface  con¬ 
vection  to  a  point  where  the  surface  temperature  was  no  longer  capable  of  igniting  the 
fuel.  It  is  pertinent  at  this  point  to  comment  on  this  choice  of  fuel  flow  rate:  liquid  fuel 
was  conducted  from  a  pressurized  container  to  the  heated  surface  via  capillary  tubes,  and 
the  fuel  released  as  a  liquid  into  the  stagnation  region  of  a  boundary  layer  separator  acting 
as  a  surface  flame  holder.  In  the  stagnation  zone,  film  boiling  heat  transfer  effects  caused 
the  liquid  drops  to  evaporate,  the  resulting  vapor  was  mixed  with  air,  and  the  mixture 
retained  in  close  contact  with  the  heated  surface  until  combustion  occurred.  It  was  possible, 
by  varying  the  delivery  pressure,  to  deliver  from  0  to  1  liter  of  fuel  per  minute  to  the  heated 
surface.  However,  at  1  1/min,  regardless  of  the  chosen  airspeed,  fuel  flooded  the  healed 
surface  area  and  either  totally  quenched  the  heated  surface,  or  it  burned  vigorously  in  the 
test  area,  and  the  downstream  channel,  and  especially  in  the  scrubber  box.  For  lower  fuel 
flow  rates  (e.g.,  100  ml/min)  while  providing  an  acceptable  reference  Fire  at  low  airspeeds, 
at  the  midrange  of  system  air  speeds,  the  enhanced  surface  turbulence  tended  to  cause 
a  lean  burning  condition,  and  at  higher  channel  airflows,  the  flame  sites  were  barely  able 
to  sustain  their  local  fires.  Our  choice  of  250  ml/min  fuel  flow  rate  was  an  experimentally 
determined  compromise  that  produced  vigorous  fires  fueled  from  evaporating  fuel  patches 
in  the  boundary  layer  separations,  and  futi/air  mixtures  that  were  not  too  rich  at  low  air¬ 
speeds  (6  m/sec)  and  not  too  lean  at  the  highest  airspeeds  (36  m/sec). 

It  is  significant  to  note  that  the  usual  designation  of  a  system  air/fuel  ratio  is  no 
longer  applicable  when  a  liquid  fuel  is  being  directed  onto  a  heated  surface.  Should  the  fuel 
be  vaporized  and  premixed  upstream  of  the  fire  sites,  then  a  bulk  air/fuel  ratio  can  be 
descriptive.  For  example  at  maximum  airflow  conditions,  with  vigorous  burning  the  simu¬ 
lator  system  had  an  air/fuel  ratio  of  about  100  to  1,  which  should  be  totally  nonflammable! 
In  reality,  at  each  flame  holder,  local  conditions  of  a  vaporizing  liquid/air  interface  '’an  be 
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assumed  to  exist.  Preliminary  results  also  indicated  that  preheating  the  airstream  to  100  or 
200°C  had  no  measureable  effect  on  the  hot-surface  ignition  of  the  fuel,  again  attributed  to 
direct  channelling  of  the  Liquid  fuel  to  the  hot  surface.  If  a  fuel  vapor/ air  mixture  were 
formed  upstream,  however,  preheating  of  the  air  would  certainly  result  in  a  more  stoichio- 
metrically  exact  fuel/air  mixture,  which  previous  studies  have  shown  to  be  more  easily 
ignited  by  a  hot  surface. 

Our  design,  and  the  intrinsic  concept  of  multiple  flame  sites  proved  to  be  a  very 
important  innovation.  In  real  nacelle  type  fires,  the  specific  location  of  the  fire  is  not 
known.  However,  it  is  a  safe  assumption  that  there  would  be  numerous  flame  sites  in  the 
nacelle  space.  At  best,  a  cloud  of  extinguishant  could  be  injected  into  the  intake  of  the 
entire  nacelle,  and  it  is  hoped  that  a  small  amount  of  the  extinguishant  would  penetrate  to 
the  flame  sites  and  extinguish  them.  But  an  agent  which  may  be  successful  in  knocking 
down  one  fire  site  (and  by  doing  so.  be  erroneously  labled  as  effective)  may  be  thermally  or 
chemically  decomposed  by  this  process,  and  thus  ineffective  in  knocking  down  other  fires 
downstream.  As  a  result,  the  original  fire  site  can  be  reignited  by  the  unextinguished  down¬ 
stream  flames.  A  more  valid  test  of  fire  extinguishant  capability,  in  our  opinion,  is  the 
ability  to  knock  down  a  sequence  of  flame  sites.  The  extinguishant  performance  data  of 
the  next  section  all  involves  fire  control  observations  for  multiple  fire  sites. 

An  important  aspect  of  extinguishant  performance  involves  the  formation  (or  lack 
of  it)  of  a  scale  on  the  heated  surface  as  a  function  of  operating  surface  temperature.  Below 
about  825°C  there  was  very  little  noticeable  surface  oxide  formation  and  subsequent  spalla¬ 
tion  (break-up)  of  the  thin  oxide  layer.  However  at  surface  temperatures  above  850°C.  the 
oxide  layer  grows  very  thick  and  thermal  expansion/contraction  stresses  and  volume  expan¬ 
sion  stresses  result  in  noticeable  spallation.  Studies  performed  by  Professor  J.  K.  Tien  et.  al.* 
revealed  the  formation  of  a  thin  protective  layer  of  a  spinel  compound  (FeO)Q  25 
(Cr2C>3)i  75  on  the  surface  of  austenitic  stainless  steel  (like  the  heated  surface  in  our  fire 
simulator)  at  temperatures  less  than  1500°F  (815°C).  Surface  oxidation  was  very  limited. 
However,  above  1500°F,  the  spinel  fractured  and  allowed  rapid  oxidation  of  the  underlying 
chromium  depleted  iron-nickel  alloy,  which  resulted  in  far  less  protective  iron-nickel  oxides. 
For  ignition  of  jet  fuels  on  heated  stainless  steel.  Figure  34,  it  was  noted  that  a  minimum 
ignition  delay  was  found  at  the  maximum  surface  oxide  spallation  condition,  regardless  of 
the  airspeed  over  the  heated  plate  surface.  Fracture  of  the  oxidation  resistant  spinel  layer 
was  suspected  of  enhancing  the  fuel  ignition/combustion  process  via  catalytic  action, 
yielding  an  improved  contact  opportunity  for  the  fuel  on  the  oxidation  prone  surface. 
Subsequent  investigations  mandated  keeping  the  heated  surface  at  a  temperature  just  below 
the  obvious  spallation  condition  (labelled  max  T  on  Figure  34).  Obviously,  repeated  excur¬ 
sions  to  surface  temperatures  exceeding  825°C  would  result  in  a  surface  chromium  deple¬ 
tion,  and  a  hysteresis  effect  was  noted  such  that,  upon  reheating  the  test  surface,  higher 
surface  temperatures  (25  to  75°C  higher)  were  required  to  ignite  the  same  fuels  on  a 
chromium  depleted  stainless  steel  surface.  This  latter  effect  was  suspected  of  being  caused 
by  the  rapid  oxidation  of  the  heated  surface,  followed  by  the  oxides  combining  with  silicon 
(used  as  SiOo  in  extinguishant  material  flow  agents)  to  form  relatively  adherent  coatings  on 
the  hot  surface  (T  >859°C).  These  coatings  now  protected  the  surface  from  further  rapid 


•Private  communication,  later  published  as  part  of  the  "Report  from  the  Columbia  University  School  of  Engi¬ 
neering  and  Applied  Science  and  Research”.  No.  6,  June  1973. 
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oxidation/spallation,  as  well  as  interfering  with  ignition  reactions,  even  after  the  surface 
had  been  cooled  and  then  reheated.  These  surface  accumulations  were  removed  via  surface 
sandblasting  during  the  extinguishant  performance  comparison  tests. 


CHOICE  OF  TEST  SYSTEMS 

Since  the  majority  of  contemporary  fire  control  systems  use  Halons  as  their  working 
fluid,  we  have  tested  four  of  these  liquid  systems  and  compared  their  performance  directly 
to  gaseous  CO2  injection  systems.  The  four  Halons  chosen  were  those  used  for  fire  control 
systems  in  different  countries  and  different  aircraft,  and  included  Halons  1011  (CH->BrCl). 
1202  (CF^Bn).  1211  (CF2BrCl),  and  1301  (CF3Br). 

Our  choice  of  dry  chemical  agents  to  test  depended  on  recommendations  from 
different  sources:  (1)  systems  recommended  by  data  obtained  from  the  Static  Test  Assem¬ 
blage,  (2)  systems  available  commercially  (particularly  where  they  are  used  for  current 
technology  fire  control  systems),  and  (3)  systems  recommended  as  being  particularly  effec¬ 
tive  from  data  obtained  in  a  similar  dynamic  fire  test  assemblage  designed,  constructed,  and 
operated  by  the  Arthur  D.  Little  Corp.  Thus,  the  dry  chemicals  tested  included  the  fol¬ 
lowing  materials: 

1.  Potassium  bicarbonate  based  materials  such  as  the  Ansul  Corp.  “Purple-K®”, 
and  a  special  high-density  formulation  designated  as  “Ansul- X®  ”. 

2.  A  specially  prepared  experimental  potassium  carbonate  material  commissioned 
from  the  Ansul  Corp.  designed  to  minimize  the  hygroscopic  properties  of  K2CO3  via  a 
judicious  blend  of  additives. 

3.  A  special  potassium  bicarbonate-urea  condensed  polymer  (loss  of  one  water 
molecule  per  pair  of  reactant  molecules)  with  an  essentially  “carbamate”  structure  marketed 
by  l.C.I.  Ltd.  under  their  tradename  of  “Monnex®  ”. 

4.  A  sodium  bicarbonate  based  material  marketed  by  Ansul  Corp. 

5.  A  PyroChem  Corp.  product  based  on  potassium  chloride. 

6.  A  lithium  chloride-water  eutectic  slurry  at  0.8/ 1.0  mole  ratio  of  LiCl/H20 
recommended  by  the  A.  D.  Little  Corp. 

7.  Potassium  iodide,  recommended  both  by  A.  D.  Little  and  the  Static  Testing 
Assemblage  data. 
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8.  Potassium  Dawsonite  based  materials,  including  potassium  Dawsonite  itself,  and 
this  compound  doped  with  10%  w/w  of  tin  iodide,  or  potassium  iodide,  were  recommended 
by  static  testing  data. 

9.  A  special  formulation  of  potassium  Dawsonite  containing  10%  w/w  BoC^  was 
recommended  from  the  concept  of  attempting  to  provide  adhesion  between  the  powder 
and  the  hot  surface  in  the  presence  of  high  local  air  velocities.  Since  B->C>3  melts  at 
ca.  500°C  to  provide  a  viscous  glassy  fluid,  it  was  hoped  that  this  would  aid  in  “sticking” 
the  potassium  Dawsonite  to  the  hot  surface,  keeping  it  in  the  presence  of  the  fire,  and  pre¬ 
venting  it  from  being  dislodged  from  the  active  zones  by  >150  ft/sec  air  velocities. 

10.  A  special  formulation  of  potassium  Dawsonite  (KD)  formed  by  calcination  in 
the  presence  of  10%  w/w  KI  was  highly  recommended  by  the  static  testing  data,  and  was 
tested  along  with  other  KD  materials. 

All  powders  were  tested  as  received  from  commercial  sources,  or  as  prepared  for  static 
testing  (details  of  powder  preparation  techniques  have  been  given  earlier). 


PERFORMANCE  DATA  FOR  VARIOUS  DRY  CHEMICALS 

Performance  data  for  various  commerically  supplied  and  synthetic/reagent  dry  chem¬ 
ical  fire  extinguishants  are  given  in  Tables  24  to  38.  The  majority  of  chemicals  were  tested 
at  hot  surface  temperatures  of  800°C,  but  three  compounds  (Ansul  Corp.  K2CO3,  and 
reagent  grade  KI  and  Li2C03)  were  tested  at  900°C.  The  choice  of  these  three  com¬ 
pounds  for  special  testing  procedures  was  made  on  the  recommendation  of  data  from  the 
A.  D.  Little  Corp.  study  (for  KI  and  LmCC^),  and  from  data  obtained  from  the  dynamic 
simulator  at  800°C  which  indicated  that  Ansul  Corp.  K2CO3  was  the  most  effective  agent 
tested.  A  hot  surface  at  900°C  provides  an  extreme  test  of  fire  control  performance  (see 
Static  Testing  >semblage  data  in  Section  3),  allowing  easy  differentiation  between  appar¬ 
ently  equivalent  systems.  A  summary  of  performance  data  for  these  materials  based  on  their 
ability  to  control  multiple  JP-4  fuel  fires  under  conditions  of  high  airflow  (36  m/sec)  at 
800°C,  and  rank-ordered  in  the  listing  according  to  the  minimum  mass  of  dry  chemical 
needed  to  extinguish  the  flames,  is  given  in  Table  39.  These  data  indicate,  quite  unambigu¬ 
ously,  that  the  comercially  prepared  K7CO3  is  superior  to  commercially  prepared  KHCO3, 
and  slightly  better  than  the  synthetic  material  obtained  by  calcining  KD  with  10%  KI.  How¬ 
ever,  this  slightly  improved  performance  for  the  commercial  material  can  easily  be  accounted 
for  by  powder  preparation  techniques  alone,  since  no  special  efforts  were  made  to  improve 
either  particle  size  distribution  effects,  or  bulk  density  effects,  in  our  synthetic  material. 
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Table  24.  Performance  Data  for  Ansul  Corp.  “Purpie-K®  ” 
Potassium  Bicarbonate. 


Airflow 

velocity, 

m/sec*2 

Shot 

mass, 

g* 

Knock-down 

observed?*7 

Reignition 

delay, 

sec^ 

6 

10 

No 

20 

Yes 

17.0 

30 

Yes 

16 

10 

Close*’ 

c.5 

20 

Yes 

6.0 

30 

Yes 

23 

10 

Close*7 

20 

Yes 

9 E 

30 

Yes 

msa 

36 

10 

No 

_ 

20 

Closee 

0.5 

30 

Yes 

2.0 

40 

Yes 

10.0 

50 

Yes 

"now  volumes  obtained  by  multiplying  by  8.5  x  10“^  m^/sec. 

^Ejected  with  a  1  second  burst  of  compressed  gas  at  825  kPa  (ca.  120  psig). 
“■Multiple  tlame  sites  (usually  3). 

^Time  >20  seconds  ate  essentially  infinate  in  length. 
eSee  text  for  explanation  of  this  term. 


NOTE:  250  ml/mm  JP-4  fuel  flow  to  multiple  ignition  sites.  Ambient  air  <30°C)  flows  to 
heated  surface  at  various  flow  velocities.  Stainless  steel  ignition  surface  at  800°  C. 
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Table  25.  Performance  Data  for  Ansul  Corp.  “Ansul-X®  ” 
Potassium  Bicarbonate. 


Airflow 

velocity, 

m/sec^3 

Shot 

mass, 

g* 

Knock-down 

observed?0 

Reignition  ' 

delay, 
sec^ 

6 

5 

Close0 

0.5 

10 

Close 

1.0 

20 

Yes 

>20.0 

16 

10 

No 

_ 

20 

Yes 

>20.0 

23 

10 

No 

— 

20 

Close 

1.0 

30 

Yes 

>20.0 

36 

10 

No 

_ 

20 

Close 

0.5 

30 

Yes 

>20.0 

a[low  volumes  obtained  by  multiplying  by  8.5  x  10”^  m-Vsec. 

^Ejected  with  a  1  second  burst  of  compressed  gas  at  825  kPa  (ca.  120  psig). 

^Multiple  flame  sites  (usually  3). 

^Time  >20  seconds  are  essentially  infinite  in  length. 
eSee  text  for  explanation  of  this  term. 

NOTE:  AU  deposits  were  easily  removed  by  a  wire  brush  at  the  conclusion  of  testing 
procedures  fot  this  compound. 

250  ml/min  JP-4  fuel  tlow  to  multiple  ignition  sites.  Ambient  air  (30°C)  flows  to  heated 
surface  at  various  flow  velocities.  Stainless  steel  ignition  surface  at  800°C. 
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Table  26.  Performance  Data  for  Ansul-X  JOC  Sodium  Bicarbonate. 


Airflow 

velocity, 

m/sec^ 

Shot 

mass, 

g* 

Knock-down 

observed?c 

Reignitic 

delay, 

sec^ 

6 

10 

No 

20 

Yes 

2.0 

30 

Yes 

>20.0 

16 

10 

No 

_ 

20 

Closee 

1.0 

30 

Yes 

>20.0 

23 

10 

No 

_ 

20 

No 

— 

30 

Yes 

2.0 

40 

Yes 

>20.0 

36 

10 

No 

_ 

20 

No 

— 

30 

No 

- 

40 

No 

- 

50 

Close 

0.5 

60 

Yes 

>20.0 

aHow  volumes  obtained  by  multiplying  by  8.5  x  10”^  m-Vsec. 

^Ejected  with  a  1  second  burst  of  compressed  gas  at  825  kPa  (ca.  1 20  psig). 

‘Multiple  flame  sites  (usually  3). 

dTime  >20  seconds  are  essentially  infinite  in  length. 

?See  text  for  explanation  of  this  term. 

NOTE:  At  higher  air  velocities  there  are  accumulations  of  powder  in  stagnation 
regions.  No  flakes  or  scale  appeared  to  form  on  the  surface,  all  deposits  were  easily 
removed  by  brushing. 

250  ml/min  JP-4  fuel  flow  to  multiple  ignition  sites.  Ambient  air  (30°O  flows  to 
heated  surface  at  various  flow  velocities.  Stainless  steel  ignition  surface  at  800°C. 
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Table  28.  Performance  Data  for  I.C.I.  “Monnex®  ”  (KC2N2H303).*2 


Airflow 

velocity, 

m/sec^ 

Shot 

mass, 

Knock-down 

observed?** 

Reignition 

delay, 

sece 

6 

5 

Closed 

0.5 

10 

Yes 

2.0 

20 

Yes 

>20.0 

16 

5 

Close 

0.5 

10 

Yes 

Yes 

23 

5 

No 

10 

Close 

0.5 

20 

Yes 

>20.0 

36 

5 

No 

_ 

10 

No 

— 

20 

Yes 

>20.0 

‘'Essentially  a  carbamate  structure. 

*Flow  volumes  obtained  by  multiplying  by  8.5  x  10"^  m^/sec.  * 

c  Ejected  with  1  second  burst  of  compressed  gas  at  825  kPa  (ca.  120  psig). 

^Multiple  flame  sites  (usually  3). 

eTime  >20  seconds  are  essentially  infinite  in  length. 

*See  text  for  explanation  of  this  term. 

NOTE:  This  agent  has  a  bulk  volume  that  is  ca.  10%  greater  than  potassium 
bicarbonate.  Small  amounts  of  scale  formation  were  noted  on  the  hot  surface,  and 
the  residue  from  testing  readily  absorbed  water.  Residue  removal  was  difficult,  both 
on  the  hot  surface,  and  after  cooling  to  room  temperatures. 


250  ml/min  JP-4  fuel  flow  to  multiple  ignition  sites.  Ambient  air  (30°C)  flows  to 
heated  surface  at  various  flow  velocities.  Stainless  steel  ignition  surface  at  800°  C. 
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Table  29.  Performance  Data  for  (Pyro-Chem  Super-K) 
Potassium  Chloride. 


Airflow 

velocity, 

m/sec77 

Shot 

mass, 

%b 

Knock-down 

observed?0 

Reignition 

delay, 

sec^ 

6 

5 

No 

_ 

10 

No 

— 

20 

No 

— 

30 

Close0 

16 

5 

No 

_ 

10 

No 

— 

20 

Close 

30 

Yes 

23 

5 

No 

_ 

10 

No 

- 

20 

Yes 

>20.0 

30 

Yes 

36 

5 

No 

_ 

• 

10 

No 

— 

20 

No 

- 

30 

No 

- 

40 

Close 

50 

Yes 

"Flow  volumes  obtained  by  multiplying  number  by  8.5  x  10"^  m^/sec. 

*  Ejected  with  1  second  burst  of  compressed  gas  at  825  kPa  (ca.  120  psig). 

‘Multiple  flame  sites  (usually  J). 

^Time  >30  seconds  are  essentially  infinite  in  length. 

^See  text  for  an  explanation  of  this  term. 

NOTE:  After  the  test  sequence,  a  glassy  residue  was  noticed  in  all  air  stagnation 
regions  on  the  heated  surface.  The  residue  readily  dissolved  in  water  and  could  be 
removed  from  the  surface  with  a  wire  brush. 

250  ml/min  JP-4  fuel  flow  to  multiple  ignition  sites.  Ambient  air  <30°C)  flows  to 
heated  surface  at  various  flow  velocities.  Stainless  steel  ignition  surface  at  800°  C. 
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Table  30.  Performance  Data  for  Aqueous  Lithium  Chloride  Slurries/* 


Airflow 

velocity, 

m/sec^ 

Shot 

mass, 

£ 

Knock-down 

observed?^ 

Reignition 

delay, 

sec4* 

6 

10 

No 

_ 

20 

No 

— 

30 

No 

- 

40 

No 

— 

50 

No 

— 

60 

No 

- 

16 

10 

No 

_ 

20 

No 

- 

60 

No 

- 

23 

10 

No 

_ 

20 

No 

- 

60 

No 

- 

36 

10 

No 

_ 

20 

No 

- 

30 

No 

— 

40 

No 

— 

50 

No 

— 

60 

No 

- 

a(0.8:1.0  LiCl/H20). 

*Flow  volumes  obtained  by  multiplying  number  by  8.5  x  10"^  m^/sec. 
cEjected  with  a  1  second  burst  of  compressed  gas  at  825  kPa  (ca.  120  psig). 
^Multiple  flame  sites  (usually  3). 

'’time  >20  seconds  are  essentially  infinite  in  length. 


NOTE:  A  white  “cakey”  residue  remains  on  all  of  the  cooler  parts  of  the  system, 
none  on  any  of  the  hot  surfaces. 


250  ml/  min  JP-4  fuel  flow  to  multiple  ignition  sites.  Ambient  air  ( 30° C>  flows  to 
heated  surface  at  various  flow  velocities.  Stainless  steel  ignition  surface  at  800°  C. 
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Table  31.  Performance  Data  for  Potassium  Dawsonite 
(Ames  Research  Center  Prep). 


Airflow 

velocity, 

m/sec6* 

Shot 

mass, 

g* 

i 

Knock-down 

observed?6’ 

Reignition 

delay, 

sec6^ 

6 

5 

No 

10 

No 

— 

20 

Close6, 

0.5 

30 

Yes 

>20.0 

16 

5 

No 

_ 

10 

No 

— 

15 

Yes 

2.0 

20 

Yes 

>20.0 

23 

5 

No 

_ 

10 

No 

— 

20 

No 

— 

30 

Yes 

>20.0 

36 

5 

No 

10 

No 

20 

No 

— 

30 

Close 

0.5 

aFlow  volumes  obtained  by  multiplying  number  8.5  x  10"'  m^/sec. 

^Ejected  with  a  l  second  burst  of  compressed  gas  at  825  kPa  tea.  1 20  psig). 
c  Multiple  flame  sites  (usually  3). 

Time  >20  seconds  are  essentially  infinite  in  length. 
eSee  text  for  explanation  of  this  term. 

NOTE:  250  ml/min  JP-4  fuel  flow  to  multiple  ignition  sites.  Ambient  air  (30°C) 
flows  to  heated  surface  at  various  flow  velocities.  Stainless  steel  ignition  surface  at 
800°  C. 


55  tv 
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Table  32.  Performance  Data  for  Potassium  Dawsonite  +  B2O3  ( 10%). 


Airflow 

velocity, 

m/sec0 

Shot 

mass, 

gb 

Knock-down 

observed?c 

Reignition 

delay, 

sec^ 

'6 

5 

No 

_ 

10 

No 

— 

15 

No 

— 

20 

Closee 

0.5 

20  (repeat) 

Yes 

16 

5 

No 

10 

No 

— 

15 

No 

— 

20 

Yes 

>20.0 

23 

5 

No 

_ 

10 

No 

— 

15 

No 

— 

20 

No 

— 

30 

Close 

0.1 

36 

10 

No 

_ 

20 

No 

— 

30 

No 

- 

30  (repeat) 

Yes 

aFlow  volumes  obtained  by  multiplying  number  8.5  x  10"-*  m^/sec. 

^Ejected  with  a  l  second  burst  of  compressed  gas  at  825  kPa  lea.  120  psigj. 

^Multiple  flame  sites  (usually  3.). 

^Times  >20  seconds  are  essentially  infinite  in  length. 
eSee  text  for  explanation  of  this  term. 

NOTE:  No  visible  surface  deposits  or  surface  wetting  was  apparent  at  800° C.  On  cooling 
the  small  glassy  remains  of  B-jOj  could  be  seen;  these  were  very  tenacious  deposits  and 
extremely  difficult  to  remove,  even  by  vigorous  scraping.  Glassy  deposits  were  only 
really  evident  when  >20g  shot  masses  were  used. 


250  ml/min  IP-4  fuel  flow  to  multiple  igntiion  sites.  Ambient  air  (30° C)  flows  to  heated 
surface  at  various  flow  velocities.  Stainless  steel  ignition  surface  at  800° C. 
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Table  33.  Performance  Data  for  Potassium  Dawsonite 
Containing  SnH  and  KI. 


“Flow  volumes  obtained  by  multiplying  number  by  8.5  x  10'^  m^/sec. 

^Ejected  with  a  I  second  burst  ot  compressed  gas  at  825  kPa  (ca.  120  psig). 
cMultiple  flame  sites  (usually  3). 

^Time  >20  seconds  are  essentially  infinite  in  length. 
eSee  text  for  explanation  of  this  term. 

NOTE:  250  ml/min  JP-4  fuel  flow  to  multiple  ignition  sites.  Ambient  air  (30° C)  flows  to 
heated  surface  at  various  flow  velocities.  Stainless  steel  ignition  surface  at  800°  C. 
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Table  34.  Performance  Data  for  Potassium  Dawsonite  +  KI(10%). 


Airflow 

velocity, 

m/sec0 

Shot 

mass, 

Knock-down 

observed?c 

Reignition 

delay, 

sec^ 

6 

5 

No 

_ 

10 

Closed 

0.5 

15 

Yes 

16 

5 

No 

_ 

10 

No 

— 

15 

Close 

0.5 

20 

Yes 

>20.0 

23 

5 

No 

_ 

10 

No 

— 

15 

No 

— 

20 

Yes 

36 

5 

No 

_ 

10 

No 

- 

15 

Close 

20 

Yes 

>20.0 

“Flow  volumes  obtained  by  multiplying  number  by  8.5  x  10"^  m^/sec. 
^Ejected  with  1  second  bunt  of  compressed  gas  at  825  kpa  (ca.  120  psigi. 
“Multiple  flame  sites  (usually  3). 

^Time  >20  seconds  are  essentially  infinite  in  length. 

“See  text  for  explanation  of  this  term. 


NOTE:  250  ml/min  JP-4  fuel  flow  to  multiple  ignition  sites.  Ambient  air  <30°C) 
flows  to  heated  surface  at  various  flow  velocities.  Stainless  steel  ignition  surface  at 
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Table  35.  Performance  Data  for  Potassium  Dawsonite-KI  (  10%). 


Airflow 

velocity, 

m/sec^ 

Shot 

mass, 

g* 

Knock-down 

observed?0 

Reignition 

delay, 

seed 

6 

5 

No 

_ 

10 

Gose° 

0.5 

15 

Yes 

1.0 

20 

Yes 

>20.0 

16 

5 

No 

_ 

10 

No 

- 

15 

Yes 

>20.0 

23 

5 

No 

— 

10 

Close 

0.5 

10  (repeat) 

Yes 

>20.0 

15 

Yes 

>20.0 

36 

5 

No 

_ 

10 

Close 

0.5 

10  (repeat) 

Yes 

>20.0 

15 

Yes 

>20.0 

aFlow  volumes  obtained  by  multiplying  number  by  8.5  x  10'^  m’  sec. 

^Ejected  with  a  1  second  burst  of  compressed  gas  at  825  kPa  tea.  120  psig). 
cMultiple  flame  sites  (usually  3). 

^Time  >20  seconds  are  essentially  infinite  in  length. 
eSee  text  for  explanation  of  this  term. 

NOTE:  Even  though  material  contained  significant  quantities  of  Kl,  no  visible  surface 
deposits  or  corrosion  effects  were  noted. 


250  ml/min  JP-4  fuel  flow  to  multiple  ignition  sites.  Ambient  air  (30°C)  flows  to  heated 
surface  at  various  flow  velocities.  Stainless  steel  ignition  surface  at  800° C. 
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Table  36.  Performance  Data  for  Sodium  Carbonate  (Arc  Prep). 


Airflow 

velocity, 

m/sec^ 

Shot 

mass, 

g* 

Knock-down 

observed?0 

Reignition 

delay, 

sec^ 

6 

10 

No 

20 

Close0 

0.1 

30 

Close 

0.5 

16 

10 

No 

— 

20 

No 

— 

30 

Close 

0.5 

23 

10 

No 

_ 

20 

Close 

0.5 

20 

No 

- 

30 

Gose 

0.5 

36 

20 

No 

_ 

30 

No 

- 

_ _ 

40 

No 

- 

aFlow  volumes  obtained  by  multiplying  number  by  8.5  x  10" 3  m^/sec. 

*  Ejected  with  a  1  second  burst  of  compressed  gas  at  825  kPa  (ca.  1 20  psig). 
cMultiple  flame  sites  (usually  3). 

^Time  >20  seconds  are  essentially  infinite  in  length. 
fSee  text  for  explanation  of  this  term. 


NOTE:  250  ml/min  JP-4  fuel  flow  to  multiple  ignition  sites.  Ambient  air  (30°C) 
flows  to  heated  surface  at  various  flow  velocities.  Stainless  steel  ignition  surface  at 
900°  C. 
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Table  37.  Performance  Data  for  Potassium  Iodide  (Arc  Prep). 


Airflow 

velocity, 

m/sec^ 

Shot 

mass, 

Knock-down 

observed?0 

Reignition 

delay, 

sec^ 

6 

10 

No 

20 

No 

- 

30 

No 

— 

40 

Close0 

0.5 

16 

10 

No 

_ 

20 

No 

— 

30 

No 

- 

40 

Close 

0.1 

23 

10 

No 

_ 

20 

No 

— 

30 

No 

- 

40 

Close 

0.1 

36 

10 

No 

_ 

20 

No 

- 

30 

No 

- 

40 

No 

- 

aFlow  volumes  obtained  by  multiplying  number  by  8.5  x  10'^  m^  sec. 

6  Ejected  with  a  1  second  burst  of  compressed  gas  at  825  kPa  (ca.  120  psig). 
c Multiple  flame  sites  (usually  3). 

JTime  >20  seconds  are  essentially  inflnite  in  length. 
eSee  text  for  explanation  of  this  term. 

NOTE:  250  ml/min  JP-4  fuel  flow  to  multiple  ignition  sites.  Ambient  air  (30°C) 
flows  to  heated  surface  at  various  flow  velocities.  Stainless  steel  ignition  surface  at 
900°  C. 
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Table  38.  Performance  Data  for  Lithium  Carbonate  (Arc  Prep). 


Airflow 

velocity, 

m/sec*2 

Shot 

mass, 

g* 

Knock-down 

observed?c 

Reignition 

delay, 

sec^ 

6 

10 

No 

_ 

20 

No 

- 

30 

Closee 

0.5 

40 

Close 

0.5 

16 

10 

No 

_ 

20 

No 

- 

30 

No 

— 

40 

No 

- 

23 

10 

No 

_ 

20 

No 

- 

30 

No 

- 

40 

Close 

0.5 

36 

10 

No 

_ 

20 

No 

_ 

30 

No 

- 

40 

No 

- 

aFlow  volumes  obtained  by  multiplying  number  by  8.5  x  10"3  m3/sec. 

^Ejected  with  a  l  second  burst  of  compressed  gas  at  825  kPa  lea.  120  psig). 
^Multiple  flame  sites  (usually  3). 

^Time  >20  seconds  are  essentially  infinite  in  length. 
eSee  text  for  explanation  of  this  term. 

NOTE:  250  ml/min  JP-4  fule  flow  to  multiple  ignition  sites.  Ambient  air  (30° C) 
flows  to  heated  surface  at  various  flow  velocities.  Stainless  steel  ignition  surface  at 
900“  C. 
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Table  39.  Rank-Ordered  Listing  of  Dry  Chemical  Fire  Extinguishants  According 
to  Their  Performance  in  the  Dynamic  Simulator  Fire  Test  Assemblage. 


Comments 

Hygroscopic,  required  >40g  at 
900°C,  experimental  system. 

Calcined  KD  with  10%  w/w  K1 

KHCOj-Urea  condensed  polymer 

10%  w/w  K1  mixed  with  KD 
10%  w/w  Snlx  mixed  with  KD 


Special  high  bulk  density 
formulation  of  “Purpie-K® 

B2O3  added  to  assist  KD  in 
adhering  to  heated  plate 


Material 

Source 

Mass 

needed, 

g 

k2co3 

Ansul  Corp. 

7.5 

KD-KI 

Synthetic  material3 

10.0 

“Carbamate” 

l.C.I.  “Monnex®” 

15.0 

KD  +  KI 

Reagents/Synthesis 

17.0 

KD  +  Snlx* 

Reagents/Synthesis 

1 7.0 

KHCO3 

Ansul  “Purple-K®” 

25.0 

KHCO3 

Ansul  “X®” 

l 

1 

25.0 

KD  +  B203 

Reagents/Synthesis 

30.0 

KD 

Synthesis 

35.0 

KC1 

PyroChem  Corp. 

45.0 

NaHC03 

Ansul  Corp. 

55.0 

LiCI/HiO 
Slurry  ~ 

Reagents 

>6  0.0 

Li2C03 

Reagents 

>40.0 

K1 

! 

Reagents 

>40.0 

Recommended  by  A.  D.  Little  Corp. 
at  0.81/1.0  mole  ratio  LiCl/H->0 

Only  tested  at  900JC, 
recommended  by  A.  D.  Little  Corp. 

Only  tested  at  900°C.  recommended 
by  both  A.  D.  Little  Corp.  and  Static 
Testing  Assemblage 


‘'Synthetic  materials  prepared  as  indicated  in  previous  section. 

^Tini  II)  iodide  purchase  from  commercial  sources  was  found  to  be  significantly  contaminated  with  tin!  IV)  iodide. 


250  ml/min  JP-4  fuel  flow  to  multiple  ignition  sites.  Ambient  air  (30°C)  flows  to  heated  surface  at  various 
flow  velocities.  Stainless  steel  ignition  surface  at  800oC. 

Rank  estimated  from  data  in  previous  tables,  and  based  on  the  minimum  quantity  of  material  needed  to 
produce  "knock-down’’  at  the  highest  airflow  velocity  used  for  testing. 
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DISCUSSION  OF  DRY  CHEMICAL  PERFORMANCE  DATA 

An  attempt  was  made  to  quantify  the  relative  agent  performances  via  an  EEF  (extin- 
guishant  effectiveness  factor).  The  EEF  was  the  numerical  product  of  reignition  delay  time 
in  seconds;  inverse  mass  of  agent  injected  in  grams-* ;  and  an  arbitrary  knock-down  factor 
whose  value  on  a  scale  of  1  to  10  depended  on  the  ability  to  initially  knock  down  the 
multiple  flame  sites.  No  knock-down  ability  was  assigned  a  value  of  1,  complete  knock 
down  a  value  of  10,  and  what  evolved  as  an  “almost”  or  “close  to”  flame  removal  situation 
was  given  a  value  of  5  for  this  arbitary  factor.* 

The  mass  injected  was  controlled  at  5,  10,  15,  20,  30,  40,  50,  and  60g,  no  attempt 
was  made  to  make  further  divisions  (e.g.,  7  l/2g),  hence  an  “almost”  situation  evolved  when 
it  was  generally  agreed  by  observers  that,  while  lOg  of  agent  did  not  achieve  flame  knock¬ 
down,  flame  intensity  and/or  visibility  was  marked  by  reduced,  such  that  perhaps  as  little  as 
an  extra  gram  of  agent  would  have  achieved  complete  flame  knock-down.  In  every  case  the 
dry  chemical  injection  period  was  1  second  with  dry  nitrogen  injection  pressures  of  825  kPa 
(about  1 20  psig). 

With  regard  to  the  values  calculated  for  this  EEF  factor,  the  longest  reignition  delay 
time  would  be  20  seconds;  the  shortest  observed  time  for  momentary  loss  of  visible  flame 
was  0.5  second;  and  a  lower  bound  delay  time  value  for  any  agent  effects  at  all  on  the  flame 
(decreased  intensity,  some  visible  flame  size  reduction)  was  assigned  a  simiarbitrary  value 
of  0.1  second.  Hence  for  5g  of  any  agent,  the  maximum  EEF  calculated  would  be  40  cor¬ 
responding  to  the  relationship: 

(20  seconds  max  delay)  x  (knock-down  factor  =  10) 

EEF  - - -  40 

(5g  injected) 

while  for  a  minimally  effective  agent,  a  value  of  0.02  for  our  EEF  would  be  obtained,  i.e.: 

0.1  second  min  delay  x  (knock-down  factor  =  1 ) 

EEF  = - -  0.02 

5g  injected 

If  a  plot  is  made  of  EEF  values  against  reciprocal  mass  needed  to  control  multiple  JP-4 
fuel  Fires  at  each  air  velocity  across  the  plate,  then  an  observed  trend  upwards  and  to  the 
right  indicates  the  more  effective  Fire  control  agents.  We  have  taken  the  mean  data  for  each 
compound  and  plotted  their  calculated  EEF  values  against  reciprocal  minimum  mass  (in  g-* ) 
needed  to  control  the  Fires  set  in  our  Dynamic  Testing  Assemblage,  these  data  are  shown  in 
Figure  35.  What  emerges  from  Figure  35  is  a  behavior  pattern  that  emphasizes  the  desir¬ 
able  features  sought  in  an  effective  fire  extinguishant,  namely,  the  ability  of  a  small  amount 
of  agent  to  extinguish  and  control  (inhibitation)  multiple  location  JP-4  fuel  fires  ignited  via 
a  hot  surface. 


•This  situation  is  described  as  “Close"  in  all  data  tables  (Tables  24  to  38).  and  a  corresponding  reignition  delay 
of  either  0. 1  or  0.5  second  appears  alongside  this  descriptive  term. 
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GRAMS  INJECTED 


0.02  0.033  0.05  0.066  0.1  0.2 


GRAMS'1  INJECTED 

Figure  35.  Relative  Extinguishant  Performance  for  Some  Dry 
Chemicals  Tested  in  the  Dynamic  Fire  Test  Assemblage. 


The  test  program  did  not  involve  studies  of  other  factors  relevant  to  a  desirable 
extinguishant,  such  as  corrosion  problems  with  the  agent  or  its  decomposition  products, 
long  term  storability  and  thermal  decomposition,  compaction  during  storage,  flow  prop¬ 
erties  at  high  and  low  temperatures,  pressure,  and  humidity  conditions,  and  any  adverse 
biological  effects  attributable  to  the  use  of  the  particular  agent  at  the  site  of  the  fire,  or  in 
loading/ servicing  any  engineering  system  needed  to  inject  the  agent.  Agents  which  brought 
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about  premature  failure  of  the  unsheathed  “Chromel-Alumel”  thermocouple  leads  heated 
to  incandescence  by  the  initial  fire  stream,  or  left  tenacious  surface  deposits,  or  residues 
which  made  surface  cleanup  difficult,  were  noted.  Examples  were  KC1,  K2CO3  and  KHCO3 
based  agents.  On  the  other  hand,  a  few  noncommercial  agents,  notably  some  Dawsonite 
compounds,  were  easily  brushed  off  the  heated  surface  after  suppressing  the  controlled  fires. 
Thus,  corrosion  problems  of  engine  surfaces  will  be  minimized  for  these  latter  reagents.  The 
limited  extinguishant  abilities  of  potassium  chloride,  and  to  an  even  lesser  extent  potassium 
iodide,  lithium  carbonate,  sodium  bicarbonate  and  sodium  carbonate,  are  reflected  in  their 
low  EEF  values.  At  the  same  time,  potassium  carbonate,  K2CO3,  appeared  to  work  well  at 
lower  values  of  mass  injected:  and  it  is  interesting  to  note  that  injecting  increased  quantities 
of  material  did  not  enhance  the  initial  excellent  fire  suppression  performance  (plateau  effect 
similar  to  that  noted  in  the  Static  Testing  Assemblage).  The  potassium  bicarbonate  based 
agent,  “Ansul-X®”,  demonstrated  a  similar  trend,  whereas  nominally  similar  chemically 
based  agents,  “Purple-K®”  and  “Monnex®  appeared  to  function  more  effeciently  at 
high  mass  injections.  These  latter  commercial  extinguishing  agents  became  reference  stand¬ 
ards  of  performance  for  new  formulations. 

One  of  the  experimental  candidates,  Potassium  Dawsonite  (KD),  described  in  the 
earlier  sections  of  this  report,  showed  great  promise  in  the  Static  Testing  Assemblage 
although  it  was  considerably  less  impressive  under  more  dynamic  test  conditions.  The  KD 
performance  was  markedly  improved  by  the  addition  of  small  quantities  of  potassium  iodide 
or  tin  iodide.  The  EEF  values  for  the  KD  plus  tin  iodide  shown  in  Figure  35  confirmed  its 
effectiveness  as  a  potential  fire  control  agent.  Further,  despite  the  addition  of  iodide  com¬ 
pounds,  the  KD  agent  maintained  its  overall  noncorrosive  performance  and  relative  ease 
of  cleanup  of  the  heated  surfaces. 


PERFORMANCE  DATA  FOR  VARIOUS  HALONS 

Fire  control  performance  as  measured  by  the  magnitude  of  the  observed  reignition 
delay  for  Halon  1011,  1202,  1211,  and  1301,  are  given  in  Tables  40,  41.  42,  and  43,  respec¬ 
tively.  For  comparative  purposes,  similar  test  data  for  carbon  dioxide  are  given  in  Table  44. 
More  complete  experimental  data  are  available  for  Halon  1301,  but  even  for  this  compound 
they  are  insufficient  for  reliable  interpolation  of  the  data  to  be  used.  Nevertheless,  bearing 
in  mind  the  incomplete  state  of  the  data  arrays  presented,  we  can  use  the  data  from  the 
more  extreme  testing  conditions  at  36  m/sec  airflow  (and  secondarily  from  23  m/sec  airflow 
studies),  to  provide  a  measure  of  the  relative  effectiveness  of  each  compound.  Examining 
these  data  in  Tables  40  to  43,  we  can  device  an  approximate  and  partly  subjective  rank- 
ordering  of  these  four  Halons  with  respect  to  their  fire  control  capabilities  via  the  minimum 
mass  that  will  produce  a  so-called  “infinite”  delay  (defined  as  greater  than  20  seconds) 
at  airflow  velocities  of  36  m/sec.  Where  these  data  indicate  approximately  equal  masses 
for  two  compounds,  then  a  second  criterion  based  on  weight  effectiveness  is  used.  Where 
these  criteria  are  still  insufficient,  or  where  reinforcement  of  our  partly  subjective  rank- 
ordering  presented  are  needed,  then  resort  is  made  to  the  data  recorded  at  23  m  sec  airflow 
velocities.  In  this  manner,  we  have  managed  to  rank  the  four  Halons  in  fire  control  effective¬ 
ness,  and  these  data  are  shown  in  Table  45.  It  should  be  noted  that  the  data  given  in 
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Table  45  (taken  from  Tables  40  to  44)  has  been  corrected  to  the  nearest  5g  unit  o'  mass, 
and  to  the  nearest  0.5%  unit  of  volume-percent  mixture.  Moreover,  because  of  the  paucity 
of  data  at  intermediate  points,  for  example,  for  Halon  101 1,  the  value  listed  for  36  m/sec 
airflow  of  “less  than  60g  and  less  than  3.5%”  could  mean  59g  and  3%,  or  it  could  mean  as 
little  as  lOg  and  1%.  If  this  latter  situation  obtained,  then  Halon  101 1  will  be  the  most 
effective  Halon  of  the  four  tested.  However,  the  statement  “greater  than  5.5%’’  at  23  m/sec 
airflow  for  Halon  1011  is  used  to  justify  the  position  of  Halon  101 1  as  Number  Four  in 
the  ranking.  Similarly,  Halon  1202  is  justifiably  Number  One  in  this  ranking,  from  airflow 
data  at  both  36  and  23  m/sec.  Nevertheless,  the  data  for  Halons  1211  and  1301  are  ambig¬ 
uous,  and  more  experimental  work  is  needed  to  clearly  distinguish  between  these  two 
compounds. 


Table  40.  Performance  Data  for  Halon  101 1  (CHbBrCl)/3 


Airflow 
velocity , 
m/sec" 

Shot  mass  sizec 

Knock-down 

observed?^ 

Reignition 

delay, 

sece 

Volume, 
percent  mixture 

Grams 

injected 

6 

11.8 

38.6 

Yes 

1 

16 

6.1 

55.6 

Yes 

1 

23 

5.3 

60.0 

Yes 

>20 

36 

3.6 

60.0 

Yes 

>20 

a  Molecular  weight  !29  4;boiling  point  6  7°C;  specific  gravity  1  93, 
*Flow  volumes  obtained  by  multiplying  number  by  8.5  x  10"^  mT'sec. 
CA  1  second  pulse  of  nitrogen  gas  used  to  atomize  Halon. 

^Multiple  flame  sites  (usually  3). 

f>20  seconds  are  essentially  infinite  reignition  delays. 


NOTE:  250  ml/min  JP-4  fuel  flow  to  multiple  ignition  sites.  Ambient  air  (30°C)  flows  to  heated 
surface  at  various  flow  velocities.  Stainless  steel  ignition  surface  at  800”  C. 
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Table  41.  Performance  Data  for  Halon  1202  (CF2Brn).a 


^Molecular  weight  209.8;  boiling  point  24° C;  specific  gravity  2.28. 

*Flow  volumes  obtained  by  multiplying  number  by  8.5  x  10"^  m^/sec. 

CA  1  second  pulse  of  nitrogen  gas  used  to  atomize  Halon. 

^Multiple  flame  sites  (usually  3). 

?>20  seconds  are  essentially  infinite  reignition  delays. 

NOTE  250  ml/min  JP-4  fuel  flow  to  multiple  ignition  sites.  Ambient  air  1 30° C)  flows  to  heated 
surface  at  various  flow  velocities.  Stainless  steel  ignition  surface  at  800°  C. 


Table  42.  Performance  Data  for  Halon  1 2 1 1  (CF^BrCl).2 


Airflow 

Shot  mass  size6 

Reigmtion 

velocity, 

m/'sec^ 

Volume, 
percent  mixture 

Grams 

injected 

Knock-down 

observed?^ 

delay, 

sec6 

6 

6.0 

24.0 

Yes 

16 

2.8 

32.0 

Yes 

1 

23 

2.6 

37.0 

Yes 

1 

36 

1.9 

40.0 

Yes 

>20 

aMolecular  weight  165.4;boiling  point  — 3° C ;  specific  gravity  1.83. 

*Flow  volumes  obtained  by  multiplying  number  by  8.5  x  10'^  m^/sec. 
c A  1  second  pulse  of  nitrogen  gas  used  to  atomize  Halon. 

^Multiple  flame  sites  (usually  3). 

?>20  seconds  are  essentially  infinite  reignition  delays. 

NOTE:  250  ml/min  JP-4  fuel  flow  to  multiple  ignition  sites.  Ambient  air  (303C)  flows  to  heated 
surface  at  various  flow  velocities.  Stainless  steel  ignition  surface  at  8003C. 
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Table  43.  Performance  Data  for  Halon  1301  (CF3Br).li 


Airflow 

Shot  mass  size*1’ 

Knock-down 

observed?6*' 

Reignition 

velocity, 

m/sec^ 

Volume, 
percent  mixture 

Grams 

injected 

delay, 

sec6' 

6 

2.6 

8.6 

No 

_ 

9.5 

34.5 

Yes 

-> 

15.5 

msSm 

Yes 

3 

20.0 

B 

Yes 

4 

16 

0.9 

i 

8.6 

No 

_ 

3.6 

34.5 

Yes 

•*> 

6.0 

Yes 

8.2 

83.0 

Yes 

3 

23 

0.7 

8.6 

No 

_ 

2.8 

34.5 

No 

— 

4.7 

Yes 

>20 

6.4 

83.0 

Yes 

>20 

36 

1.8 

34.5 

No 

_ 

3.2 

60.0 

Yes 

>20 

4.3 

83.0 

Yes 

>20 

5.3 

Yes 

>20 

^Molecular  weight  148.9:  boiling  point  72°C;  specific  gravity  1.57,  After  continued  injection, 
noticeable  scale  build  up  on  the  hot  surface  (propably  iron  bromide).  This  Halon  is  stable  to 

800°  C 

*F!ow  volumes  obtained  by  multiplying  number  by  8.5  x  10“^  m^  sec. 
c\  1  second  pulse  of  nitrogen  gas  used  to  atomize  Halon. 

^Multiple  flame  sites  tusually  3). 

'>20  seconds  are  essentially  infinite  reignition  delays. 


NOTE  250  ml/min  JP-4  fuel  flow  to  multiple  ignition  sites.  Ambient  air  i30°C)  Hows  to  heated 
surface  at  various  flow  velocities.  Stainless  steel  ignition  surface  at  800° C. 
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Table  44.  Performance  Data  for  Carbon  Dioxide. 


Airflow 

velocity, 

m/sec^ 

Shot  mass  size^ 

Knock-down 

observed?4^ 

Reignition 

delay, 

sec/ 

Volume, 
percent  mixture 

Grams4, 

injected 

1.5 

50 

24.8 

Yes 

_ 

3 

34 

24.8 

No 

- 

6 

20 

24.8 

No 

- 

16 

10 

24.8 

No 

- 

23 

7 

24.8 

No 

- 

36 

5 

24.8 

No 

- 

aFlow  volumes  obtained  by  multiplying  number  by  8.5  x  10*^  m^/sec. 

*  A  1  second  pulse  of  nitoigen  gas  used  to  atomize  Halon. 

^Continuous  injection  rate  of  24.8  g/sec  into  flow  stream. 

^Multiple  flame  sites  (usually  3). 

^Continuous  suppression  only  as  long  as  CO2  gas  flow  maintained. 
f>20  seconds  are  essentially  infinite  reignition  delays. 

NOTE:  250  ml/min  JP-4  fuel  flow  to  multiple  ignition  sites.  Ambient  air  <30°c)  flows  to  heated 
surface  at  various  flow  velocities.  Stainless  steel  ignition  surface  at  800°  C. 


Table  45.  A  Rank-Ordered  Listing  of  Halons  According  to  Their  Performance 
as  Fire  Control  Agents  in  the  Dynamic  Fire  Test  Assemblage. 


Rank 

Material 

Minimum  mass 
needed, g 

Equivalent  minimum 
volume. 

23  m/sec 

36  m/sec 
_ 1 

23  m/sec 

36  m/sec 

1 

Halon  1 202  CFiBn 

<30 

mm 

<1.5 

<1.5 

2  b 

Halon  1211  CF-iBrCj 

>35 

Hi 

>2.5 

<2.0 

2b 

Halon  1301  CF3Br 

<60 

mmm 

<4.5 

<3.0 

4 

Halon  1011  CH2Brq 

<60 

WEM 

<5.5 

<3.5 

Carbon  dioxide 

>25 

>25 

>7.0 

>5.0 

“Needed  to  produce  a  greater  than  20  second  reignition  delay. 

*  Ambiguous  ranking,  data  does  not  allow  sufficient  distinction. 

NOTE:  250  ml/min  JP-4  fuel  flow  to  multiple  flame  sites.  Local  air  velocities  across  heated  plate  surface  at 
23  and  36  m/sec.  Stainless  steel  hot-surface  ignition  source  at  800° C. 
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DISCUSSION  OF  HALON  PERFORMANCE  DATA 

In  general,  gaseous  agents,  or  well  atomized  liquid  Halon  extinguishants,  demon¬ 
strated  only  slight  ability  to  prevent  reignition  of  the  fuel  after  initial  fire  knock-down  has 
been  achieved,  although  knock-down  capabilities  are  good.  This  reflects  directly  the  enor¬ 
mous  dilution  effects  caused  by  the  airstreams  crossing  the  heated  surface.  The  agents  were 
injected’  into  the  flowing  airstream  of  the  dynamic  simulator,  well  upstream  of  the  Fire 
sites.  As  a  function  of  agent  container  pressure,  a  calibrated  quantity  of  material  was 
delivered  to  a  cylindrical  injector  pipe  whose  axis  was  parallel  to  the  airflow  and  directed 
downstream.  Prior  to  release  of  the  agent,  a  pulse  of  nitrogen  gas  at  700  kPa  ( 100  psi)  was 
used  to  atomize  the  liquid  agent  stream,  and  allow  good  mixing  of  the  agent  and  nitrogen. 
Nigrogen  flow  began  0.2  second  before  the  liquid  flow,  and  continued  0.2  second  after 
the  agent  flow  was  terminated  at  the  solenoid  valve.  The  quantity  of  nitrogen  gas  used 
did  not  have  any  observable  effect  by  itself  on  the  fire  sites.  However,  a  most  interesting 
effect  was  noted  that  involved  the  magnitude  of  the  nitrogen  atomization  pulse  pressure 
and  the  performance  of  the  various  agents.  Specifically,  the  nitrogen  pulse  driving  pressures 
varied  from  350  to  2000  kPa  (50  to  300  psi)  and  a  measurable  change  in  agent  performance 
could  be  observed.  For  1211  and  1202,  the  best  extinguishant  performance  occurred  with 
an  atomization  pressure  of  about  700  to  900  kPa,  respectively;  while  Halons  1011  and 
1301  were  about  25%  more  weight  effective  at  about  twice  these  atomization  pulse  pres¬ 
sures.  On  the  other  hand  at  higher  nitorgen  pressures,  1000  to  2000  kPa,  the  Halon  1211 
weight  effectiveness  decreased  by  at  least  10  to  15%  (i.e..  more  agent  was  required  to  knock 
down  the  reference  fires  when  the  nitrogen  pulse  pressure  was  raised  to  1500  kPa).  For 
Halon  1202,  a  higher  nitrogen-pulse  pressure  of  about  900  kPa  appeared  to  be  the  most 
effective  for  flame  knock-down.  For  even  higher  atomization  pulse  pressures,  the  weight 
effectiveness  of  1202  then  declined,  and  about  10%  more  agent  was  required  for  established 
flame  knock-down  performance. 

It  had  been  suggested  that  the  higher  the  boiling  point  of  the  liquid  agent  (the  boiling 
points  for  Halons  1011,  1202,  and  1211  are  67,  24,  and  -3°C,  respectively),  the  more 
atomization  pressure  is  required  to  disperse  the  flowing  liquid  agent.  Surface  tension  effects 
and  viscosity  variations  probably  enter  the  picture  as  well.  Also,  it  was  believed  agent 
droplet  size  should  be  considered  in  greater  detail.  Observations  of  the  free  jet  of  Halon  1211 
and  the  atomizing  pulse  of  nitrogen  gas  at  700  kPa,  shows  that  the  jet  plume  contains  visible 
droplets,  mists  and  agent  vapor.  The  “throw”  capability  of  this  mixture  was  3  to  4  meters. 
Here  a  measure  of  agent  "throw”  was  to  observe  droplets  impinge  and  then  evaporate  from 
a  flat  black  surface.  At  1500  kPa,  the  free  jet  of  agent  and  nitrogen  was  much  more  vigor¬ 
ous,  well  mixed,  and  vaporized.  However,  no  droplets  were  observed  and  the  “throw" 
has  decreased  considerably  (about  1  meter  or  so).  For  Halon  101 1,  the  result  of  increasing 
the  atomization  pressure  from  700  to  2000  kPa,  was  to  provide  a  better  agent/nitrogen 
mixture,  while  maintaining  a  good  proportion  of  droplets  that  yielded  longer  “throw" 
values  at  higher  pressures,  unlike  Halon  1 2 1 1 ,  or  to  a  lesser  extent  Halon  1 202. 

From  a  dynamic  fire  point  of  view,  an  extinguishing  agent  vapor  has  much  less  chance 
of  penetration  into  the  boundary  layer  where  fuel  and  air  are  being  combusted,  than  has  a 
higher  momentum-carrying  droplet.  The  droplet  then  serves  as  a  mechanism  to  transport 
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the  agent  into  the  active  combustion  zone,  where  ensuing  vapors  can  now  interfere  with  the 
flame  processes.  With  stratification  of  a  fuel  vapor/air  mixture  burning  on  a  hot  surface, 
the  extinguishing  agent  vapor  alone  has  little  probability  of  penetration  into  the  burning 
zone.  Agent  vapors  are  transported  by  the  airstream  beyond  the  fize  zones,  where  they 
serve  no  purpose.  At  the  same  time,  if  agent  atomization  is  poor,  the  presence  of  droplets 
that  are  too  large  results  in  more  rapid  initial  fallout  of  the  agent  from  the  fire  air  supply 
stream,  and  at  the  fire  sites,  discontinuous  bombardment  of  the  combustion  zone.  These 
locally  scattered  high  agent-vapor  concentrations  are  only  partially  successful  in  interfering 
with  the  flame  chemistry  and  soon  the  combustion  processes  will  have  vigorously  reestab¬ 
lished  themselves  over  the  entire  burning  surface.  The  need  for  additional  weight  (more 
than  twice  the  weight  of  1202)  of  Halon  1301  agent  (boiling  point:  60°C,  with  a  room 
temperature  vapor  pressure  of  about  3300  kPa)  appears  to  substantiate  the  need  to  have 
some  droplets  capable  of  pentrating  the  flame  boundary  layers  in  order  to  interfere  with 
flame  radical  chemistry. 

Each  liquid  extinguishant  appears  to  have  an  optimum  pressure  for  injection, 
atomization,  that  results  in  a  good  distribution  of  droplet  sizes  in  the  fire  air  supply  stream 
for  maximum  weight  effectiveness.  For  a  dynamic  fire,  we  conclude  it  is  possible  to  apply 
a  liquid  agent  such  as  Halon  1211  too  vigorously  (i.e..  use  of  too  high  an  injection  pressure 
or  use  of  injection  nozzles  that  promote  too  fine  a  particle  atomization).  As  in  the  case 
of  Halon  1011,  too  little  mechanical  atomization  resulted  in  less  than  maximum 
performance. 

Halon  1011  which  is  a  simple  liquid  at  room  temperature,  was  injected  under  pressure 
into  the  test  section  and  finely  atomized  and  dispersed  by  a  simultaneous  pulse  of  nitrogen 
gas.  About  50  to  100%  more  Halon  1011  agent  was  required  to  perform  the  same  fire 
extinguishing  tasks  as  Halon  1211.  In  a  few  cases  where  Halon  101  1  failed  to  knock  down 
the  vigorously  burning  multiple  fires,  it  was  suspected  that  some  of  the  decomposition 
products  from  this  Halon  were  capable  of  flashing  and  burning.  An  aluminum  cowling, 
which  had  survived  numerous  hours  of  operational  burning  in  the  simulator,  partially  melted 
during  what  was  suspected  to  be  a  unique  instance  of  some  additional  energy  release  in  the 
combustion  zone. 

For  general  reference  purposes  only,  COt  was  also  tested  in  the  Dynamic  Fire  Assem¬ 
blage.  It  is  important  to  note  the  difference  in  injection  techniques  for  CO~<  compared  to 
that  adopted  as  a  standard  procedure  for  Halon  application  in  the  facility.  The  CO~>  was 
injected  continuously  such  that  the  predetermined  concentration  of  CO-*  and  air  by  volume 
was  reached  at  the  fire  site.  Air  speeds  were  low.  Even  at  30%  volume  mixture  of  CO->  and 
air,  the  multiple  fire  sites  continued  to  bum  vigorously.  At  40  to  50 7c  CCWair  concentra¬ 
tions,  the  fire  could  be  knocked  down  and  suppressed  only  as  long  as  the  high  CO2  flow 
rate  was  maintained.  The  CCH  capability  is  contrasted  with,  for  example,  Halon  1211  per¬ 
formance,  wherein  much  smaller  quantities  of  agent  in  a  single  injection  creates  a  short  plug 
of  mixture  in  the  flow  stream  that,  upon  reaching  the  tire  sites,  promptly  knocks  down  the 
flames.  As  the  agent  concentration  rapidly  dropped  with  the  passing  of  the  plug,  the  fire 
registers  a  slight  delay,  and  then  reignites.  However,  it  may  be  assumed  that  the  fire  would 
remain  suppressed  if,  upon  achieving  knock-down,  the  1211  agent  continued  to  be  injected 
even  in  rather  small  concentrations.  This  suggests  that  for  a  fixed  weight  of  extinguishant. 
more  effective  fire  control  could  be  achieved  with  a  series  of  pulses  of  agent  injection  rather 
than  a  single  massive  injection  as  is  now  the  case  in  aircraft  nacelle  fires.  The  same  method 
used  to  determine  an  EEF  for  the  dry  chemicals  was  applied  to  the  Halon  agents  and  the 
mean  results  plotted  in  Figure  36. 
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Figure  36.  The  Relative  Fire  Control  Effectiveness  of  Various 
Halon  Fire  Extinguishants  as  Determined  by  Data  from  the 
Dynamic  Fire  Test  Assemblage. 
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SUMMARY  OF  DYNAMIC  TESTING  DATA 

Data  obtained  clearly  indicate  the  superiority  of  the  calcined  K.D-KI  dry  chemical 
tire  extinguishant  synthesized  by  us,  exhibiting  both  excellent  knock-down  performance 
and  good  inhibition  effects,  confirming  the  Static  Testing  Assemblage  data  for  this  com¬ 
pound.  Also,  addition  of  an  arbitrarily  chosen  “sticking”  agent  (in  an  attempt  to  counteract 
the  severe  scouring  effects  of  high  local  air  speeds  across  the  heated  plate  surface)  did  seem 
to  show  some  merit,  in  that  1  (Xc  B2O3  added  to  potassium  Dawsonite  was  judged  to  be 
slightly  more  effective  than  KD  alone.  Similary,  unambiguous  evidence  indicates  that 
Halon  1 202  is  more  effective  than  the  other  three  Halons  tested.  However,  even  though 
knock-down  capabilities  are  excellent  for  these  Halons,  the  severe  volume  dilution  effects 
intrinsic  to  gaseous  and/or  liquid  systems  under  conditions  of  high  local  air  velocities,  allows 
virtually  no  inhibition  capability,  and  reignition  delay  times  are  minimal  in  all  cases. 
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Section  5 


DISCUSSION  AND  CONCLUSIONS 


PROPERTIES  NEEDED  FOR  EFFECTIVE  FIRE  CONTROL 

The  intrinsic  properties  of  gaseous  and  liquid  fire  control  agents  make  them  quite 
unsuitable  for  situations  involving  high  airflow  velocities  due  to  the  consequent  dilution 
effects  that  operate.  Thus,  dry  chemical  systems,  provided  that  they  can  be  localized  to  the 
actual  scene  of  the  Fire,  provide  a  viable  alternative.  Since  it  is  believed  that  the  effective 
dry  chemical  agents  act  to  control  Fire  via  chemical  mechanisms  and  not  via  physical  effects, 
the  Fire  control  process  is  a  molecular  one  (chemical  scavenging  and  interference  with  chain 
propagation  processes).  The  chemical  system  of  choice  has  to  satisfy  several  criteria,  which 
we  find  convenient  to  classify  under  two  major  subdivisions,  Passive  Phase  and  Active  Phase, 
in  Fire  control. 


Passive  Phase  Criteria  for  Dry  Chemical  Fire  Extinguishants 


Mandatorily,  the  dry  chemical  system  has  to  be  formulated  and  then  loaded  into 
some  form  of  discharge  mechanism.  It  is  probable  that  the  chemical  system  will  remain  in 
this  stored  state  for  a  long  period  prior  to  discharge  and  subsequent  use.  These  facets  of 
formulation/loading,  storage,  and  discharge  comprise  the  so-called  Passive  Phase  of  the  Fire 
control  process,  and  necessarily  involve  severe  restrictions  on  the  choice  of  chemical  system 
to  be  used. 


1.  The  chemical  should  be  easily  available,  or  capable  of  synthesis  by  a  single  stage 
process,  in  order  to  satisfy  economic  restraints. 


2.  The  chemical  should  be  “processable”  with  respect  to  grinding,  sieving,  and 
optimization  of  bulk  density,  particle  size  distribution,  and  flow  properties. 


3.  The  chemical  should  be  nontoxic,  or  of  minimum  toxicity,  to  enable  all  steps 
in  the  processing  and  subsequent  loading  into  an  engineering  system  to  be  accomplished 
safely,  both  at  the  chemical  synthesis  plant,  and  locally  at  the  extinguishant  system  site 
(aircraft  engine  nacelle). 


4.  The  chemical  should  be  noncorrosive  to  the  engineering  system  that  will  deliever 
it  to  the  Fire,  so  that  special  handling  apparatus  or  specially  lined  containers  and  hoses  are 
avoided. 


5.  Storage  of  the  chemical  prior  to  use  mandates  that  the  chemical  system  shall  not: 


a.  Lose  or  gain  weight  signiFicantly;  thus  precluding  hygroscopic  (water  absorp¬ 
tion)  and  efflorescent  (water  loss)  solids,  solids  that  react  with  water  or  air,  solids 
that  react  with  other  components  contained  in  them  (matrix  carrier  reactions  with 
solute  dopants),  and  in  particular,  gas  evolution  shall  be  virtually  nonexistent. 
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b.  The  material  chosen  has  to  be  of  limited  volatility  to  obviate  vapor  pressure 
changes  with  ambient  temperature. 

c.  The  material  chosen  has  to  be  thermodynamically  and  kinetically  stable 
with  respect  to  chemical  change  to  temperatures  of  260°C,  which  is  postulated  as  the 
maximum  probable  temperature  of  any  storage  environment  of  a  normally  operating 
engine  nacelle  of  advanced  aircraft.  Less  stringently,  the  chemical  system  must  be 
stable  down  to  -55°C,  corresponding  to  the  lowest  probable  ambient  temperature  of 
an  engine  nacelle  in  a  parked  aircraft. 

d.  The  chemical  solid,  after  grinding/sieving/loading  operations  has  to  be 
capable  of  being  discharged  via  a  compressed  gas  ejection  system,  implying  that  the 
powder  will  not  cake,  or  throttle  any  discharge  orifice  (flow  properties). 

6.  The  dry  powder  also  has  to  be  engineered  to  provide  dispersion  over  the  target 
region  (particle  size  distribution),  sufficient  penetration  (trajectory  aspects  and  bulk  density) 
to  reach  the  seat  of  the  ignition  process,  and  still  retain  fluid  properties  (powder  packing 
phenomena)  to  allow  complete  discharge  from  the  reservoir  container. 


Active  Phase  Criteria  for  Dry  Chemical  Fire  Extinguishants 

The  dry  powder  chemical  fire  extinguishant  must  provide  two  major  properties, 
initial  fire  knock-down,  and  long-term  inhibition.  It  is  recognized  that  these  two  properties 
may  be  mutually  exclusive  as  a  worst  case,  and  probably  independent  properties  at  best.  It 
is  probable  that  chemical  fire  suppression  occurs  via  a  scavenger  intermediate  derived  from 
the  extinguishant,  this  specie  (or  species)  breaks  the  fire  propagation  chain  that  character¬ 
izes  hydrocarbon  oxidation  equilibrium  we  recognize  as  the  flame  and/or  explosion.  When 
the  concentration  of  this  scavenger  (or  scavenger  set)  reaches  a  critical  minimum  value,  the 
fire  can  no  longer  propagate.  When  the  extinguishant  has  been  consumed  (“exhaustion"), 
the  concentration  of  this  scavenger  falls  below  the  critical  minimum  value,  and  the  flame 
reignites.  If  the  extinguishant  provides  large  concentrations  of  this  scavenger  early  on,  then 
rapid  knock-down  will  occur,  but  the  extinguishant  will  be  consumed  rapidly  and  soon 
exhausted.  However,  if  the  extinguishant  degrades  slowly  to  give  only  small  concentrations 
of  this  active  scavenger,  then  the  concentration  will  be  maintained  for  long  periods,  the 
reignition  process  will  not  occur  till  the  extinguishant  has  been  exhausted,  and  long  reignition 
delays  will  be  observed.  Note  carefully,  however,  that  if  the  extinguishant  degrades  so  slowly 
that  the  concentration  of  active  scavenger  is  small,  even  though  this  concentration  exceeds 
the  critical  minimum  needed  to  extinguish  the  flame,  the  initial  knock-down  capability  may 
be  so  impaired  as  to  be  nonobservable.  Of  course,  concentration  levels  that  do  not  even 
reach  this  critical  value  will  produce  neither  knock-down  nor  inhibition.  These  effects  will 
be  severely  aggravated  by  high  air  velocities  and  severe  volume  dilution  effects  consequent 
upon  this  factor,  and  concentrations  of  scavenger  species  may  exceed  this  critical  minimum 
on  an  averaged  basis,  but  yet  local  and/or  momentary  concentration  fluctuations  will  negate 
either  or  both  of  the  knock-down  and  inhibition  functions. 
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In  addition  to  these  two  primary  functions,  other  properties  may  become  important. 
One  such  property  is  the  ability  of  the  dry  powder  to  adhere  to  smooth  hot  surfaces  scoured 
by  up  to  50  m/sec  local  air  velocities.  Hence  it  may  be  necessary  to  induce  some  degree  of 
“stickiness”  in  the  powder  via  another  minority  compound. 

To  retard  the  degradation  of  the  extinguishant  species  that  provides  the  active  scavenger, 
particularly  at  high  temperatures,  the  matrix  carrier  should  possess  good  thermal  conductivity 
and  an  endothermic  pyrolysis  mode.  It  would  also  help  if  the  degradation  products  from  the 
matrix  also  act  as  fire  control  agents,  by  producing  additional  scavengers  (chemical  control), 
or  by  producing  an  inert  gas  blanket  such  as  CO2  (physical  control),  or  by  being  highly 
endothermic  and  providing  local  temperature  quenching  effects  (endothermic  physical 
changes  such  as  crystal  decrepitation  and  crystal  phase  changes).  From  a  practical  standpoint, 
the  majority  degradation  product  from  the  system  following  pyrolysis  should  also  be  easy 
to  clean  up,  and  not  cause  severe  corrosion  of  hot  surfaces  exposed  to  the  dry  chemical 
agent.  Thus,  powders  that  decompose  to  strongly  acidic/basic  products  with  deliquescent 
or  hygroscopic  properties  will  cause  severe  damage  to  exposed  surfaces. 


CRITERIA  FOR  FIRE  CONTROL  PERFORMANCE 

We  find  it  convenient  to  classify  fires  into  two  types:  Type  I  fires,  typified  by  forest 
fires  and  dwelling  fires,  begin  by  an  unspecified  event  and  would  bum  until  either  their 
fuel  supply  is  exhausted,  or  they  are  extinguished  (deliberately  or  accidentally ).  In  particular, 
once  extinguished,  they  are  not  expected  to  reignite  spontaneously,  since  no  continuous 
ignition  source  is  present.  Type  II  fires,  typified  by  fuel  fires  in  an  engine  compartment,  are 
initiated  by  an  ignition  source  which  is  present  continuously,  would  reignite  spontaneously 
if  extinguished,  and  will  continue  to  reignite  after  extinguishment  as  long  as  both  fuel  and 
ignition  source  remain.  An  obvious  criterion  of  effectiveness  for  a  fire  control  agent  for 
Type  I  fires  is  “weight  efficiency”,  where  the  smaller  the  quantity  of  agent  needed  to  extin¬ 
guish  a  specified  fire,  the  “better”  the  agent  (“only  milligrams  needed  to  extinguish  a 
forest  fire”,  and  an  “index  of  performance”  related  to  the  quotient  “exothermicity  controlled/ 
mass  needed”).  This  is  not  a  meaningful  criterion  for  Type  II  fires,  and  it  is  suggested  that 
the  longer  an  agent  can  keep  a  flame  extinguished  in  the  presence  of  both  ignition  source 
and  fuel  supply  the  “better”  the  agent.  Beyond  this  basic  criterion,  weight  efficiency  factors 
can  also  be  incorporated  into  an  overall  “index  of  performance”  defined  in  terms  of  the 
quotient: 


(Reignition  delay  induced)  (exothermicity  of  fire  controlled) 
(mass  needed  to  induce  delay) 

These  factors  are  summarized  schematically  in  Figure  37. 
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"Knock- down”  Ability 

1.  RAPID  PRODUCTION  OF  FIRE  CONTROL  SPECIES 

2.  RAPID  DISPERSAL  OF  SPECIES  THROUGHOUT  FIRE  ZONE 

3.  WEIGHT  EFFECTIVE  FIRE  CONTROL  PROPERTIES 


"lnhibition”Characteristics 

1.  RETENTION  OF  FIRE  CONTROL  SPECIES  IN  FIRE  ZONE  ITSELF 

2.  CONTINUOUS  GENERATION  OF  CONTROL  SPECIES  IN  FIRE  ZONE 

3.  MAINTENANCE  OF  CRITICAL  MINIMUM  CONCENTRATION  OF  FIRE 
CONTROL  SPECIES  IN  THE  FIRE  ZONE  ITSELF 


FIRE  CONTROL  BY 


CHEMICAL  AGENTS 


Stability  Under  Storage 

1.  NON-VOLATILE,  NON-HYGROSCOPIC,  NON-EFFLORESCENT 

2.  CHEMICALLY  INERT  AT  LOW  TEMPERATURES  (< 260*0 

3.  PHYSICALLY  INERT  AT  LOW  TEMPERATURES  (<260*0 
A.  NON-CORROSIVE  TO  STORAGE  SYSTEM 


Discharge  Behavior 

1.  OPTIMIZATION  OF  BULK  DENSITY,  PARTICLE  SIZE,  AND 
FLOW  AGENT  ADDITIVES,  FOR  NON-CAKING,  NON-THROTTLING 
EASY  FLOW  CHARACTERISTICS  ON  DISCHARGE 

2.  'THROW*  PROPERTIES  FOR  TRANSPORT  TO  FIRE  ZONE 

3.  'PENETRATION'  PROPERTIES  TO  REACH  SEAT  OF  FIRE 
A.  NON-TOXIC  OR  MINIMUM  TOXICITY  UNDER  FORMULATION, 

LOADING,  AND  DISCHARGE  PHASES  OF  OPERATION 

Figure  37.  A  Schematic  Representation  of  the  Criteria  Needed 
for  an  Effective  Dry  Chemical  Fire  Extinguishant  System. 
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SUITABILITY  OF  SYSTEMS  TESTED 

The  rigorous  storage  requirements  delineated  in  Table  1  allow  us  to  eliminate  all  but 
two  species  from  consideration.  These  two  acceptable  systems  are  potassium  Dawsonite  (KD) 
containing  various  percentage  compositions  of  potassium  iodide  as  simple  physical  mixtures 
(KD  +  KI),  and  potassium  Dawsonite  calcined  with  KI  (KD-KI).*  The  calcined  solid 
appears  to  have  a  slightly  better  performance  (as  measured  from  the  reignition  delay  induced 
in  a  standard  Fire).  Moreover,  since  potassium  Dawsonite  must  be  synthesized  in  the  first 
place,  and  the  most  attractive  synthetic  method  utilizes  calcination,  it  is  recommended  that 
synthesis  of  KD  be  accomplished  via  calcination  in  the  presence  of  KI  directly  in  one  step. 
The  Final  product,  calcined  KD-KI,  exhibited  superior  Fire  control  performance  in  both 
the  static  assemblage  and  the  dynamic  assemblage.  This  system  also  fulfills  the  other  ancillary 
requirements  involving  minimum  toxicity,  easy  cleanup  after  use.  noncorrosive  properties** 
(particularly  to  magnesium/aluminum  alloy  engine  casings  prevalent  m  aircraft,  and  which 
are  particularly  prone  to  damage  by  caustic  chemicals  derived  from  Na  or  K  compounds 
such  as  KHCO3  which  degrade  to  oxide/hydroxide  species),  and  easy  synthetic  availability. 

It  is  pertinent  to  comment  on  some  of  the  other  systems  tested,  both  from  the 
viewpoint  of  data  from  the  static  assemblage,  and  from  the  complementary  information 
available  from  the  dynamic  assemblage. 

The  concept  of  an  additive  designed  to  “localize”  the  dry  powder  to  the  scene  of  the 
Fire  in  the  presence  of  high  velocity  airflows  is  worth  a  brief  comment.  We  selected  arbi¬ 
trarily  to  use  a  material  known  to  form  a  viscous  liquid  (glass)  at  the  temperatures  expected 
in  the  Fire  zone  (500  to  900°C),  and  chose  B2O3  as  a  preliminary  experimental  system.  Data 
clearly  indicated  that  B2O3  had  virtually  no  Fire  fighting  ability  of  its  own  and  the  static 
testing  procedure  also  indicated  that  it  reduced  the  efficacy  of  KD  when  added  at  KY7 
by  weight  (a  pure  dilution  effect,  similar  to  the  simple  additive  effects  seen  for  K1SO4  and 
Snlx  mixtures).  However,  dynamic  assemblage  experimental  data  did  confirm  the  slightly 
better  performance  expected  for  KD  +  B-1O3  when  high  air  velocities  scoured  the  heated 
plate  surface.  Other  high  temperature  “adhesive”  agents  can  be  postulated,  and  would  be 
worth  investigation,  the  most  obvious  examples  are  high  temperature  asphalts/ tars,  or 
synthetic  organic  or  inorganic  nonflammable  polymeric  materials.  It  should  be  noted  that 
addition  of  these  “sticky”  agents  to  the  chemical  system  immediately  negates  criteria 
associated  with  ease  of  cleanup  operations,  and  may  perpetrate  high  temperature  corrosion 
effects. 

Tin  iodide  as  an  additive  may  be  dismissed  quite  summarily.  It  is  a  volatile  system 
intrinsically,  and  all  physical  mixtures  regardless  of  the  matrix  carrier  fail  to  fulfill  the 
storage  requirements  (high  volatility,  corrosive,  temperature  instabilities  at  120°C  and 


•A  marginally  acceptable  system  could  substitute  sodium  Dawsonite  as  the  majoi  component  in  oil  shale,  and 
some  solid  sludges  from  water  processing  plants  for  potassium  Dawsonite.  but  this  will  only  satisfy  current  storage  require¬ 
ments.  However,  economically,  this  may  be  an  attractive  alternate  to  the  special  synthetic  preparation  of  the  potassium 
analog. 

“However,  note  that  the  end  product  after  use  is  probably  aluminum  oxide,  which  possesses  extreme  crystal 
“hardness",  and  thus  could  cause  severe  physical  damage  to  reciprocating/rotating  surfaces. 
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above).  Further,  a  solid  phase  reaction  occurs  between  the  additive  (Snlx)  and  carbonate 
carriers  such  as  the  Dawsonites,  resulting  in  CCH  release,  which  is  significant  at  ambient 
temperatures  of  40°C,  and  very  rapid  above  100°C.  Finally,  calcination  of  Snlx  with  KD 
results  in  formation  of  KI,  and  merely  provides  an  expensive  method  of  preparing  KI  from 
these  two  precursors  (Snlx  and  KD)! 

The  I.C.I.  Ltd.  product  “Monnex®”,  although  producing  excellent  results  in  the 
dynamic  phase  of  testing,  did  not  satisfy  the  advanced  storage  requirements,  and  did  suffer 
the  disadvantages  associated  with  high  temperature  corrosivity  and  particularly  poor  cleanup 
operations. 

The  experimentally  formulated  and  commercially  supplied  K2CO3  powder  offered 
high  performance  in  both  the  static  and  dynamic  apparatus,  better  than  the  corresponding 
KHCO3  compounds.  However,  high-temperature  performance  was  poor  (phase  change 
effects),  and  the  inherent  hygroscopic  character  could  merely  be  reduced,  and  not  eliminated, 
thus  obviating  use  in  humid  atmospheres. 

Although  AI2O3  mixtures  with  KI  (calcined  and  simple  mixtures)  exhibited  superior 
performance  in  the  static  phase,  dynamic  testing  did  not  confirm  this  promise.  Similarly, 
Al(OH)  3  and  AlOOH  carriers  did  not  prove  to  be  superior  to  KD. 

Sodium  Dawsonite  (NaD)  mixtures  with  iodides  did  offer  excellent  performance 
in  the  static  testing  sequences,  but  NaD  itself  will  not  satisfy  the  advanced  storage  require¬ 
ments.  However,  commercial  sources  are  available  (liquid  phase  solution  precipitation 
reactions  to  provide  a  low  density  powder  used  for  antacids  such  as  “Turns®  precipitated 
sludges  from  water  treatment  plants  utilizing  alumina  flocculation  and  pH-carbonation 
control:  bulk  component  in  U.S./Canada  oil  shale  residues). 


COMMENTS  ON  POTENTIAL  IODIDE  DOPED  SYSTEMS 

Our  data  provide  unambiguous  evidence  for  the  efficacy  of  iodide  loaded  dry  chemical 
systems,  and  it  appears  that  the  prime  matrix  carrier  of  choice  is  KD.  However,  the  choice 
of  iodide  dopant  is  more  diverse.  Our  choice  of  KI  was  dictated  by  economic/availability 
reasons,  and  by  the  fact  that  Nal  is  strongly  hygroscopic.  An  equally  valid  choice  would  be 
Lil.  In  addition  to  these  aspects,  prima  facie  reasoning  would  seem  to  indicate  that  the  weaker 
the  metal-iodine  bond,  the  greater  the  available  iodine  concentration  that  might  be  propagated 
into  the  vapor  phase,  and  thus  the  greater  the  degree  of  interference  that  might  ensue  among 
the  flame  reactions.  However,  KI  is  strongly  ionic  (as  too  is  Lil),  and  the  concept  of  bond 
strength  is  a  poor  one  when  ionic  bonds  are  considered.  Of  the  covalent  halides  that  exist, 
particularly  the  iodides,  tin  salts  offered  the  best  compromise  between  cationic  toxicity 
(eliminating  lead  and  mercury)  and  weakness  of  bond  (Sn-Cl  at  ca.  76  kcals/mole.  Sn-Br  at 
ca.  47  kcals/mole,  and  Sn-I  at  ca.  40  Kcals/mole).  Thus,  tin  iodide  was  our  second  choice 
for  an  iodide  dopant  (it  has  already  been  noted  that  multivalent  metals  seemed  to  possess 
antioxidant  properties,  and  that  tetrabutyltin  was  used  as  an  antioxidant  polymer  stabilizer  1. 
A  third  choice,  not  tested,  was  cadmium  iodide,  since  bond  strengths  are  even  lower  for 
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cadmium  than  for  tin  (Cd-Cl  at  ca.  50  Kcals/mole,  Cd-Br  at  ca.  38  kcals/mole,  and  Cd-I 
at  only  33  kcals/mole).  However,  cadmium  is  toxic  to  the  extent  that  the  U.S.  EPA 
(Environmental  Protection  Agency)  restricts  levels  of  Cd  in  drinking  water  to  10  ppb  (parts 
per  billion),  compared  to  lead  metal  at  50  ppb,  and  mercury  to  2  ppb.  Although  the  relative 
weight  effectiveness  for  iodine  content  for  a  fixed  iodide  salt  content  reduces  in  the  order 
Snlx  >  Cdla  >  KI,  potassium  iodide  is  biologically  acceptable  at  low  levels,  and  is  only 
toxic  from  the  iodide  anionic  content  at  relatively  high  concetrations. 

Based  on  the  efficacy  of  iodide  dopants,  it  might  be  useful  to  examine  other  ways  of 
incorporating  iodine  into  a  dry  chemical,  and  other  potential  systems  that  might  be  suggested 
include  the  following: 

1.  Iodine  (as  Is)  held  in  a  suitable  molecular  sieve  as  a  true  clathrate  or  inclusion 
complex:  or  a  molecular  sieve  loaded  with  CH3I  or  cF3^ 

2.  Preparation  of  a  ‘\.oated”  carrier  (rather  than  the  calcined  approach  used)  using 
a  volatile  solvent  held  iodide  slurry  iKl  in  methanol,  or  from  a  solubility  viewpoint.  Lil 
in  methanol/ethanol)  to  coat  a  finely  ground  precipitate  of  matrix  carrier  (KD>  which  is 
insoluble  in  the  solvent,  and  subsequent  removal  of  the  solvent  by  freeze  drying  or  vacuum 
pumping.  This  process  is  analogous  to  the  preparation  of  stationary  phase  coatings  for  GLC 
column  preparation. 

3.  Use  of  an  iodide  loaded  anion  exchange  resin  as  an  additive.  It  is  possible  that 
the  anion  exchange  resin  could  provide  the  third  component  postulated  to  provide 
“adhesive”  qualities  to  the  powder  at  high  temperatures  in  high  airflow  situations. 

4.  Use  of  high  molecular  weight  quaternary  ammonium  iodides  as  additives,  either 
directly,  or  as  bound  entities  to  silica  gel  or  alumina.  Technology  is  now  available  for  the 
formulation  of  anion  exchange  granules  whose  majority  component  is  a  ceramic  or  silica 
material. 


CONCLUSIONS 

In  general,  no  single  component  system  offers  fire  control  ability  that  is  acceptable. 
KD  alone  is  the  only  marginal  system  that  even  remotely  provides  potential  control  capa¬ 
bility  and  satisfies  the  delineated  storage  requirements.  Equally,  dynamic  testing  of  some 
Halons  merely  served  to  confirm  previously  stated  shortcomings  inherent  to  gaseous  and 
liquid  systems,  and  their  performance  was  generally  inferior  to  dry  chemicals.  Since  CO-> 
provided  virtually  no  fire  control  capability  either,  indicating  that  physical  quenching 
effects  are  unimportant  relative  to  chemical  scavenger  effects,  it  is  clear  that  the  Halons 
inhibit  by  interacting  chemically  with  the  flame,  and  do  not  merely  ‘blanket”  the  com¬ 
bustion  process  by  displacing  the  oxidant  from  the  combustion  zone  In  the  light  ot  the  data 
from  iodine  doping,  it  is  probable  that  an  iodine  containing  Halon  will  prove  even  more 
effective  than  Halon  1202.  However,  the  excellent  knock-down  capabilities  of  Halon  1202 
ia  function  of  the  rapid  dispersal  through  the  fire  zone,  and  the  ease  of  pyrolysis  to  provide 
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a  fire  control  agent  in  large  concentration)  can  be  usefully  employed  to  augment  the  lesser 
knock-down  capability  of  dry  chemicals  which,  in  general,  possess  superior  inhibition 
control  properties.  Use  of  Halon  1202  as  the  discharge/driver  gas  for  a  calcined  KD*KI  dry 
powder  extinguishant  (with  or  without  some  “sticky”  agent  such  as  B1O3)  would  seem 
to  offer  a  logical  approach  for  real  simulations  of  engine  nacelle  fire  scenarios. 

Finally,  it  is  further  suggested  that  one  of  the  Halons  could  be  used  in  an  auxilliary 
fire  detection  role.  Since  many  fire  waming/detection  systems  suffer  shortcomings  due  to  a 
multiplicity  of  invalid  alarms  (particularly  prevalent  in  engine  nacelles  where  ambient 
temperatures  are  already  high),  it  is  suggested  that  small  quantities  of  a  suitable  Halon  be 
injected  upstream  of  the  potential  fire  zone,*'  and  a  simple  halide  detector  (HBr)  be  mounted 
beyond  the  fire  zone  in  one  of  the  many  inert  downstream  sites.  A  fire  would  produce 
breakdown  products  from  the  Halon  that  could  not  be  produced  by  a  mere  hot  surface 
at  normal  engine  surface/nacelle  operating  temperatures.  Thus,  any  indication  of  HBr  for¬ 
mation  would  be  accepted  as  a  true  “fire”,  and  not  a  false  alarm.  This  indication  could  be 
used  to  trigger  the  main  extinguishment  system  automatically,  or  a  visual  and/or  audible 
warning.  Since  C-I  bonds  are  weaker  than  C-Br  bonds,  an  iodine  containing  Halon  would 
provide  greater  sensitivity  in  conjunction  with  an  HI  detector. 


*lt  would  be  possible  to  utilize  either  a  continuous  flux  of  Halon  from  a  reservoir  with  several  milliliters  per 
minute  flow  rate  of  gaseous  component,  or  pulsed  inaction  at  preset  time  intervals.  For  example,  a  10  ml  min  continuous 
Halon  flow  rate  from  a  I  gallon  liquid  pressurized  container  would  provide  approximately  10.000  hours  of  operating  time. 
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Section  6 


RECOMMENDATIONS  FOR  FUTURE  WORK 


1.  This  program  has  already  shown  that  some  commercial  dry  chemical  fire  extin- 
guishants  have  a  greater  weight  effectiveness  in  suppressing  hot  surface  initiated  fuel  fires 
than  the  gaseous  or  liquid  Halons  currently  in  use.  Therefore,  the  tailoring  and  development 
of  dry  powder  delivery  systems,  using  either  stored  pressure  or  explosive  gas  generation,  and 
which  meets  the  requirements  given  in  Table  1,  should  be  undertaken. 

2.  If  this  improved  fire  control  capability  is  confirmed  in  the  larger  scale  dynamic 
facility  currently  being  built  at  Wright-Patterson  AFB,  then  a  more  detailed  program  to 
develop  the  presently  noncommercial  chemicals  described  in  this  report  should  be  initiated 
as  well. 

3.  The  concept  that  fire  control  occurs  through  the  agency  of  competitive  chemical 
reactions  between  the  flame  propagation  species  and  the  interfering  scavengers  supplied  by 
the  extinguishant  has  been  around  for  more  than  40  years.  However,  it  cannot  answer  why 
the  effectiveness  of  potassium  compounds  seems  to  exceed  that  of  corresponding  sodium 
compounds,  and  there  are  other  similar  anomalies  that  need  further  elucidation.  It  is  sug¬ 
gested  that  a  new  academic  involvement  in  flame  chemistry  and  flame  control  be  initiated. 

4.  Extensive  time  was  spent  reviewing  directly  relevant,  and  less  directly  relevant 
materials,  culled  from  many  government  reports  and  contracted  research  publications.  It 
would  be  appropriate  to  engage  a  faculty  member  experienced  in  writing  a  text  to  review 
all  of  this  literature,  and  others,  and  make  clear  what  has  been  done  before  in  the  field  of 
fire  control.  This  would  have  the  additional  benefit  of  making  some  of  the  more  obscure 
reports  and  publications  more  easily  available  in  the  general  literature. 

In  the  light  of  these  data  presented  in  this  report,  obtained  from  both  static  and 
dynamic  testing  procedures,  it  appears  that  iodide  doped  sodium  and  potassium  Dawonites 
offer  the  most  promise  for  fire  control  in  high  velocity  airstreams.  We  recommend  that  the 
following  aspects  be  considered  further: 

5.  Carry  out  scaled  up  testing  procedures  for  Dawsonite/iodide  mixes. 

6.  Determine  the  effects  of  bulk  density,  particle  size,  and  physical  characteristics 
of  the  dry  chemical  powder,  on  the  performance  of  the  dry  powder  system  in  the  dynamic 
simulator. 

7.  Advance  the  current  kinetic  model  for  ignition  delay  phenomena. 
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8.  Initiate  basic  studies  into  the  strategies  for  volatility  control  of  halogen  additives, 
in  order  to  provide  controlled  concentrations  of  an  active  agent  over  long  time  periods. 

9.  Perform  fundamental  studies  using  thermogravimetric  analysis  techniques,  mass 
spectrometry,  electron  spin  resonance  spectrometry,  and  product  analyses  via  GC  and  GLC, 
to  ascertain  the  identities  of  the  active  species  that  control  flame  propagation  from  the  more 
efficient  dry  chemical  powder  extinguishant  systems. 

10.  Attention  is  redirected  to  the  comments  given  previously  in  Section  5,  con¬ 
cerning  other  potential  iodide  doped  systems,  and  to  the  use  of  multicomponent  systems 
to  effect  initial  flame  knock-down,  long-term  flame  control,  and  localization  of  the  dry 
chemical  agent  to  the  flame  region  via  a  “sticky”  additive. 

Finally,  it  is  also  recommended  that  the  U.S.  Department  of  the  Interior  be  alerted 
to  the  possibility  of  using  sodium  or  potassium  Dawsonite  systems,  with  or  without  iodide 
doping,  to  aid  in  the  control  of  forest  fires.  It  is  envisaged  here  that  a  massive  knock-down 
capability  will  be  needed,  rather  than  long-term  control  of  the  flame.  This  is  probably  a 
property  that  is  more  closely  attuned  to  the  behavior  of  tin  iodide  doped  systems  than 
those  derived  from  potassium  iodide.  However,  it  is  clearly  demonstrated  that  single  com¬ 
ponent  Dawsonite  systems,  and  those  systems  doped  with  iodide,  are  vastly  more  efficient 
in  controlling  flammable  situations  than  are  the  ammonium  phosphate  systems  currently  in 
use  for  forest  fire  control. 
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Appendix  A 


SYNTHESIS  AND  CHARACTERIZATION  OF  POTASSIUM  DAWSONITE 
AND  IODIDE  DOPED  POTASSIUM  DAWSONITE 


PRIOR  LITERATURE 

Although  numerous  references  have  appeared  in  the  technical  and  patent  literature 
concerning  the  preparation,  characterization,  structure,  properties,  and  uses  of  Dawsonite 
(sodium  aluminum  dihydroxide  carbonate,  as  in  NaAUOHbCC^),  a  naturally  occurring 
mineral,  considerably  less  attention  has  been  directed  at  the  potassium  and  other  alkali 
metal  analogs.  The  first  references  to  the  potassium  analog  were  in  the  German  patents 
issued  in  1882  and  1892  (Reference  52  and  53).  This  and  subsequent  literature  dealing  in 
whole  or  in  part  with  the  potassium  analog  of  Dawsonite  address  one  or  more  of  the 
following  aspects,  synthesis  and  composition  (References  45-47,  50-53,  55-57);  integral 
TGA  (thermogravimetric  analysis),  DTG  (differential  thermogravimetric)  analysis,  DTA  (differ- 
tial  thermal  analysis)  (Reference  48,55, 57);  IR  (infrared)  analysis  (References 46, 49,  55, 57); 
solubility  and  hydrolytic  decomposition  properties  (References  54  and  58),  and  X-ray 
diffraction  characteristics  (References  46,  48,  55,  56). 

To  date,  all  published  procedures  for  the  synthesis  of  the  potassium  analog  involve  solu¬ 
tion  methods  where  the  aluminum  component  is  derived  from  one  of  the  following:  elemental 
aluminum  (Reference  55),  Gibbsite  (References  45  and  55),  aluminum  hydroxide  (Refer¬ 
ences  45,  50,  51,  55),  aluminum  salts  (References  45,  47,  50-53)  or  aluminum  alkoxylates 
(References  50  and  51).  The  aluminum  component,  either  as  a  solid,  liquid  or  aqueous  solu¬ 
tion  is  usually  combined  with  an  aqueous  carbonate  and/or  bicarbonate  system.  The  compo¬ 
sition  of  the  precipitated  product,  depending  on  solution  temperature  during  the  syn¬ 
thesis,  corresponds  to  a  substance  having  either  the  formula  KAHOH^CC^- l/ZH^O  or 
KAl(0H)2C03,  the  latter  being  formed  at  higher  solution  temperatures  (References  45 
and  55)  and  the  former  capable  of  dehydration  to  the  latter  upon  heating  to  about  100°C 
(Reference  48). 

Based  on  integral  and  differential  thermogravimetric  analysis  data  as  well  as  differen¬ 
tial  thermal  analysis,  it  has  been  suggested  that  the  composition  of  the  potassium  analog  of 
Dawsonite  is  consistent  with  the  formula  KA10(0H)HC03,  as  opposed  to  KA1(0H)2CC>3 
(Reference  48).  The  final  product  in  a  complete  thermal  decomposition  of  KA10(0H)0HC3 
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has  been  shown  to  be  potassium  aluminate  (Reference  48).  The  overall  reaction  can  be  for¬ 
mulated  as  follows  (see  Figure  A-l  for  typical  TGA,  DTG  and  DTA  profiles  for  the  potassium 
analog  (References  48  and  55)  of  Dawsonite): 

K.A10(0H)HC03 - *-KA102  +  H20  +  C02 

A  detailed  study  of  the  differential  (thermal  analysis  and  isothermal  integral  weight  loss  data 
as  given  in  Reference  48  is  in  accord  with  the  reaction  sequence  shown  in  Table  A-l .  (NB-for 
convenience  the  stoichiometry  of  the  potassium  analog  of  Dawsonite  will  be  expressed  as 
KHC03-A10(OH)). 


to  to  to 

290  360  725 


Figure  A-l  Typical  Integral,  Differential 
Gravimetric,  and  Differential  Thermal 
Analysis  Curves  for  the  Potassium 
Analog  of  Dawsomte. 

(Based  on  References  48  and  55) 
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Table  A-l.  Thermolytic  Degradation  of  Potassium  Dawsonite. 
(Postulated  Model) 


Cumulative 
experimental 
weight  loss 
(Reference  48) 

Theoretical 
weight  loss/step 
(cumulative) 

Equation 

-  « 

DTA 

1.78% 

0% 

100°  =  270°C 

8  [KHCO3  •  AIO(OH)]— 8  [KHCO3  •  AIO(OH)]  ’ 

Gradual 

23.60% 

22.2% 

270°  =  370°C 

8[fCHC03-AtO(OH)|  ’ - 

endothermic 

transition 

9.7% 

4K2CO3  •  2  A 1 2O3 1 4A 1 0(OH)  +  6H2O  +  4C02 

370°  =  670°C 
4K2C03-2Al203-4A10(0H) - ► 

Large 

sharp 

endotherm 

31.90% 

(31.9%) 

2K20*2K2C03-4Al203  +  2H20  +  2C02 

3.4% 

670°  =  730°C 

2K20*  2K2C03  •  A 1 2C03 - 

Small 

35.40% 

(35.3%) 

3Ki0-K?C0r4Al->0'*  +  CO-> 

sharp 

3.4% 

730°  =  1000°C 
3K20-K',C03-4Al->03 - 

endotherm 

39.00% 

(38.9%) 

4K20-4A1203  +  C62  (or:  8KAlCb  +  CO-.) 

The  IR  (infrared)  spectra  and  band  frequencies  as  published  in  References  45,  46, 
and  49,  and  shown  in  Table  A-2,  are  essentially  analogous.  In  addition  to  the  strong  or  very 
strong  stretching  vibrations  of  the  -(OH)n  groups  in  the  3400  cm-*  region,  it  is  observed  that 
all  four  normal  vibrational  modes  of  the  planar  carbonato  group  are  active.  It  is  concluded 
that  the  very  strong  frequencies  in  the  1540  and  1400  cm-*  regions  represent  the  strongly 
spilt  asymmetric  stretching  frequencies  (v3  =  v3  +  vg),  a  presumed  consequence  of  the 
carbonato  lattice  site  symmetry  (References  49  and  57).  Carbonato  symmetric  stretching, 
out  of  plane  and  in  plane  deformation  (vj,  v3  and  V4,  respectively)  have  been  assigned  in 
the  case  of  the  potassium  analog  (see  Table  A-2)  (Reference  49). 

The  infrared  activity  of  the  symmetry  forbidden  symmetric  stretch  vj  is  attributed  to 
its  crystallographic  site  symmetry  and  a  complementary  carbonato-hydroxo  group  hydrogen 
bonding  relationship.  The  site  symmetry  and  hydrogen  bonding  relationship  combine  to 
confer  upon  the  carbonato  group  a  bicarbonate-like  configuration.  The  bicarbonate-like 
thermal  decomposition  of  the  potassium  analog  (see  Table  A-l)  is  thus  in  accord  with  its 
infrared  properties,  giving  further  credence  to  the  representation  of  the  potassium  analog  as 
KA10(0H)HC03  (References  48,  49,  57). 
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Table  A-2.  Frequencies  (in  cm“l)  and  Assignment  of  the  Principal 
Bands  of  the  Potassium  Analog  of  Dawsonite. 


Reference  45 

Reference  49 

Assignment^ 

3440 

3440 

OH  Stretch 

3412 

s 

1975 

w 

1825 

vw 

1540 

1544 

vs 

vg  Asymmetric 

1408 

1412 

vs 

V5  Stretch 

1102 

1108 

m 

vj  Symmetric 

Stretch 

1000 

s 

867 

872 

m 

v-»  Out  of  plane 

deformation 

844 

848 

w 

764 

w 

V4  In  plane 

744 

deformation 

660 

mb 

516 

s 

470 

m 

404 

vw 

a  =  See  Reference  49 


Legend: 

j  =  strong 
m  3  medium 
b  *  broad 
v  »  very 


The  potassium  analog  of  Dawsonite  is  not  subject  to  purification  by  recrystallization 
since  optimum  conditions  for  its  formation  require  a  high  KHCC^iK^CC^/AHOj  ratio 
(References  45,  55,  57).  It  is  also  susceptible  to  hydrolysis,  yielding  carbonates  and  bicar¬ 
bonates  in  the  aqueous  phase  and  amorphous  Al(OH)3  in  the  solid  phase  (Reference  58). 

X-ray  powder  diffraction  characteristics  for  the  substance  with  stoichiometry 
KA10(0H)HC03  have  been  determined  by  two  independent  investigations  (References  46 
and  55).  Neither  investigation  has  reported  unit  cell  dimensions,  indexing  based  on  the  lat¬ 
tice  parameters,  crystal  class  system  or  space  group  assignment.  Moreover,  certain  inter- 
planar  spacings  not  only  lack  correlation  between  the  two  different  studies,  but  even  within 
one  reported  study  (Reference  55)  spacings  are  not  consistently  observed.  Table  A-3 
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summarizes  the  reported  “d”  spacings.  The  “d”  spacings  for  the  substance  with  stoichiometry 
KA10(OH)HCC>3*l/2H20  have  also  been  reported  (References  55  and  56)  and  similarly 
appear  to  lack  consistency.  However,  the  similarity  in  “d”  spacings  between  KA10(0H)03 
and  KA10(0H)HC03#1/2H20  that  does  exist,  and  the  retention  of  this  similarity  upon 
dehydration  of  the  lattter  to  the  former,  suggests  that  the  hydration  of  the  latter  is  not 
water  of  constitution  (References  48  and  49). 


Table  A-3.  Interplanar  Spacings  (in  A.  U.)  for  the 
Potassium  Analog  of  Dawsonite. 


(Reflections  for  2S  between  0  and  50°C.) 


Reference  55 


Reference  46 


Specimen  3 


Specimen  4 


Although  previous  investigations  have  sought  to  compare  “d”  spacings  and  h,  k,  1, 
assignments  known  for  Dawsonite  with  the  potassium  analog,  the  correlation  is  tenuous  and 
inconclusive  (References  46  and  55). 


In  conclusion,  the  potassium  analog  of  Dawsonite  prepared  by  solution  precipitation 
methods  has  been  shown  by  a  number  of  investigations  to  be  a  unique  substance.  It  has  been 
characterized  according  to  its  composition,  infrared,  and  thermolytic  properties,  but  only 
partially  characterized  according  to  its  X-ray  diffraction  characteristics. 
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SYNTHESIS  AND  CHARACTERIZATION  OF  POTASSIUM  DAWSONITE 


GENERALIZED  PROTOCOL 

A  novel  method  for  the  synthesis  of  the  potassium  analog  of  Dawsonite  was  investi¬ 
gated  and  optimized.  Accordingly,  the  formation  of  a  high  purity  potassium  analog  of  Daw¬ 
sonite  can  be  achieved  by  means  of  a  single  step,  high-temperature,  high-pressure  solid-state 
procedure  typical  of  the  following  generalized  protocol: 

1.  Equimolar  quantities  of  Gibbsite  and  potassium  hydrogencarbonate  as  dry. 
ground  powders  (particle  size  <90  /am)  are  intimately  mixed  and  transferred  to  a  cylindrical 
open-top  aluminum  reaction  vessel. 

2.  The  reaction  vessel  is  placed  in  a  2  liter  PARR  High  Pressure  Reactor  (see 
Figure  A-2). 

3.  The  reactor,  after  securing,  is  flushed  with  gaseous  carbon  dioxide  and  then 
pressurized  to  240  psig. 

4.  The  reactor  temperature  is  then  raised  as  quickly  as  possible  to  245° C  ±  5°C  and 
maintained  at  that  temperature  for  4.5  hours. 

5.  After  cooling  and  depressurization,  the  product  is  removed  and  vacuum  oven- 
dried  overnight  at  50°C. 

DETAILED  PROCEDURE 

Aluminum  hydroxide,  Al(OH)3,  obtained  from  The  Kaiser  Chemical  Corp.  at 
approximately  99 7r  purity,  was  used  directly  without  further  purification.  (This  material  is 
equivalent  to  the  H-36  grade  of  alumina  trihydrate,  AHO3  ^H^O,  currently  being  marketed 
by  Kaiser  Chemical  Corp.)  The  particle  size  distribution  of  Kaiser  Al(OH)3  was  as  follows: 


Mesh 

Weight  retained,  7c 

120 

0 

230 

45 

325 

I  1 

Pan 

44 

Note;  Obviously,  this  AliOHlj  will  all  pass  an 
ASTM  *35  mesh,  a  minimum  criterion  used  m  this 
report  for  all  of  the  powders  processed  or  used. 
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Figure  A-2.  Pressurized  Bomb  for  the  Synthesis  of  Dawsonite. 
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Potassium  bicarbonate,  KHCO3  (supplied  as  a  granular  analytical  reagent  by 
Mallinckrodt;  assay  (KHCO3)  ...  99.7  to  100.3%)  was  processed  in  the  following  manner 
before  use: 

1.  It  was  dried  overnight  (>16  hours)  in  a  vacuum  oven  operating  at  <0.1  mmHg 
and  at  42  to  45°C  as  a  thin  layer  over  the  bottom  of  an  aluminum  pan  with  a  surface  area 
exceeding  200  cm-  at  a  depth  of  less  than  1  cm. 

2.  The  dried  KHCO3  was  ground  in  a  ball  mill  for  16  hours.  Typically,  one  pound 
of  the  dried  powder  was  added  to  a  0.3  gallon  ceramic  pot  (diameter  5  5/8  inches),  and 
12  grinding  spheres  (ceramic  balls;  0.78  to  0.87  in  diameter,  mass  15.4g)  were  used.  Critical 
speed  of  this  ball  mill  used  was  1 24  rpm.  The  desired  speed  for  efficient  grinding  was  80% 
of  124  rpm.  The  actual  revolution  rate  for  the  ball  mill  used  was  92  rpm  (74%  of  critical 
speed).  Drying  and  grinding  in  this  fashion  effectively  reduces  the  size  of  all  paritcles  in 
the  KHCO3  powder  such  that  it  will  pass  an  ASTM  #35  mesh. 

3.  The  ground  KHCO3  was  placed  in  a  common  pool  and  used  as  needed.  The  com¬ 
mon  material  after  some  time  (24  hours  and  longer)  in  the  storage  container  would  exhibit 
a  degree  of  water  absorption  as  evidenced  by  visible  caking,  and  should  be  dried  again  in  a 
vacuum  oven  (as  above)  just  prior  to  immediate  use.  KHCO3  was  repeatedly  dried  because 
of  the  concern  for  the  reagent  weights,  since  weight  loss  after  reaction  provides  a  convenient 
measure  of  extent  of  reaction. 

Step  1.  Weigh  out  the  desired  amount  of  each  reactant  in  the  ratio  100.12/78.00  for 
the  reactants  KHCC>3/A1(0H)3,  respectively. 

Step  2.  Place  both  the  KHCO3  and  Al(OH)3  into  a  0.3  gallon  ball  mill  container 
(i.e.,  178g  total  mass  per  0.3  gallon  volume  of  mill  container).  Seal  the  container  without 
adding  any  grinding  balls  and  mix  for  approximately  15  minutes.  It  is  important  that  a 
relatively  homogeneous  mixture  of  the  two  solid  components  be  obtained  prior  to  reaction. 

Step  3.  The  resultant  solid  mixture  from  Step  2  above  was  sieved  through  an  ASTM  #35 
sieve  to  break  up  the  over-size  "lumps”.  These  latter  appeared  to  be  mainly  KHCO3  coated 
with  a  fine  dust  of  Al(OH)3.  The  KHCO3  lumps  are  broken  up  by  forcing  them  through  the 
sieve.  The  reactants  must  be  mixed  again  to  eliminate  any  concentration  variations  of 
K.HCO3  throughout  the  reaction  mixture.  The  sieved  (Pass  #35)  mixture  was  returned  to 
the  milling  pot  for  further  mixing  without  adding  any  grinding  balls  to  the  pot  (mixing  time 
was  approximately  15  minutes). 

Step  4.  Divide  reaction  mixture  among  reaction  vessels.  Determine  the  mass  of 
reactants  in  each  vessel  prior  to  initiating  the  reaction.  Store  the  reaction  vessels  charged 
with  the  reactants  in  a  sealed  glass  container  or  in  a  pressurized  reaction  assemblage  until 
ready  to  begin  the  calcination  process. 
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REACTION  VESSEL 

The  vessels  used  for  the  calcination  process  have  been  the  object  of  much  investiga¬ 
tion.  It  was  found  that  glass  (“Pyrex®”  250  m  beakers),  aluminum  foil  lined  glass  beakers, 
and  aluminum  foil  itself,  are  all  unsatisfactory.  Glass  beakers  shatter  as  the  product  expands, 
sometimes  even  fusing  to  the  product.  This  makes  removal  of  glass  difficult  and  dangerous. 
Aluminum  foil  is  too  thin  for  support  and  reacts  to  some  extent,  making  for  a  source  of 
error  in  aluminum  analysis. 

It  has  been  found  that  the  bottom  half  of  an  all  aluminum  12-ounce  beverage 
container  (beer  and/or  soft  drink)  is  satisfactory,  with  truncation  of  the  container  at 
approximately  the  midway  point.  However,  concern  over  potential  contamination  from 
volatiles  released  from  the  liners  of  these  containers  has  prompted  preparation  of  the 
containers  as  follows. 


Reaction  Vessel  Preparation 

Step  1.  The  aluminum  can  is  cut  in  such  a  manner  as  to  produce  a  container  3  inches 
high,  and  with  a  total  volume  of  approximately  250  m.  A  clean  cut,  horizontal  edge  should 
be  obtained. 

Step  2.  The  containers  are  now  dipped  fully  into  a  oxidizing  cleaning  solution  such  as 
“Chromerge©”,  or  a  similar  vigorous  chromic  acid  based  cleaner  (i.e.,  potassium  chromate 
and  concentrated  sulphuric  acid)  for  5  minutes  or  until  coatings  are  observed  to  have  been 
removed. 

Step  3.  The  cleaned  cans  are  then  washed  with  several  liters  of  water  to  remove  all 
traces  of  the  chromic  acid  dip,  and  residues  produced  by  the  oxidation  processes  induced  by 
the  chromic  acid  dip.  The  cans  are  air  dried,  and  then  are  read>  for  use. 

Some  specific  brand  names  were  found  to  be  more  acceptable  than  others,  due  to 
reasons  that  were  probably  tied  to  surface  coatings  and/or  metal  alloy  composition,  but 
which  were  not  investigated  in  any  way. 


Beverage  Container  Acceptability  for  the  Synthesis  of  Dawsonite 

Acceptable/preferred0  Acceptable  Not  acceptable 

Budweiser  Dr.  Pepper  Coors 

7-Up  Colt-45  Schlitz 

Pepsi  Cola  Miller 


a Acceptability  was  defined  in  terms  of  criteria  associated  with  visual  contamination  of  the 
final  product  (discoloration)  and  obvious  visual  signs  of  chemical  reaction  induced  in  exterior 
and  interior  walls  of  the  reaction  vessel. 
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CALCINATION  ASSEMBLAGE 

The  calcination  assemblage  is  shown  in  diagrammatic  representation  in  Figure  A-2. 
A  commercially  supplied  pressure  reaction  vessel  was  used,  manufactured  by  the  Parr 
Corp.,  capable  of  withstanding  ca.  1 100  psig,  and  of  being  operated  at  temperatures  up  to 
350°C  with  temperature  control  of  approximately  ±5°C  at  any  temperature  between 
ambient  and  the  maximum. 


Calcination  Procedure 

Step  1.  The  aluminum  reaction  containers  are  positioned  in  the  vessel  to  be  used  for 
the  high-pressure/high-temperature  calcination  procedure. 

Step  2.  The  assemblage  is  sealed  as  recommended  by  the  manufacturer  of  the 
pressurized  calcination  apparatus. 

Step  3.  The  sealed  pressure  vessel  should  be  flushed  well  with  COt  gas  to  remove 
most  of  the  air  that  might  be  present.  For  the  small  Parr  Reaction  Vessel,  60  seconds 
flushing  at  a  flow  rate  of  13  SLPM  (standard  liters  per  minute)  COt  was  used.  The  apparatus 
is  then  charged  with  240  psig  pressure  of  CCH  gas  for  this  preparation. 

Step  4.  The  sealed  and  pressurized  assemblage  containing  the  reaction  vessels  with  the 
reactants  inside  is  now  placed  in  the  heating  unit,  and  the  temperature  brought  quickly  up 
to  245°C  in  approximately  60  minutes  without  allowing  any  overshoot  in  the  temperature. 
Recommended  “Variac©”  settings  are  difficult  to  delineate  because  of  several  factors  that 
determine  final  “Variac®”  setting  for  proper  temperature. 

Step  5.  When  the  reaction  has  proceeded  for  the  desired  time  period  (4.5  hours),  the 
heater  is  returned  to  its  zero  setting,  and  the  whole  assemblage  removed  from  the  heating 
jacket,  placed  on  an  asbestos  board,  and  allowed  to  cool  towards  room  temperature  This 
process  can  be  accelerated  by  use  of  an  air  draught  from  a  fan,  or  similar  unit.  The 
assemblage  and  reaction  mixture  contained  within  it  are  left  pressurized  until  the  tempera¬ 
ture  of  the  assemblage  reaches  50°C.  At  this  point  the  pressurization  may  be  released,  and 
the  reaction  gases  allowed  to  escape  slowly  through  the  release  valve. 

Step  6.  When  the  pressure  has  reached  equilibrium  with  atmospherie,  the  assemblage 
may  be  opened  and  the  contents  removed. 


PRODUCT  SEPARATION  AND  WORKUP  PROCEDURES 
Drying 

The  reaction  products  are  dried  while  still  in  the  aluminum  can  reaction  container, 
and  they  may  be  weighed  after  this  procedure  to  ascertain  the  extent  of  reaction.  The 
recommended  drying  procedure  involves  the  use  of  a  vacuum  oven  at  <0.1  mmHg  and 
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temperatures  not  exceeding  50°C  or  less  than  40°C  for  not  less  than  16  hours.  By  the  fore¬ 
going  procedure,  crude  potassium  Dawsonite  is  obtained  in  a  96%  yield.  Yields  were  com¬ 
puted  by  comparing  observed  versus  theoretical  weight  losses  that  accompanied  the  calcina¬ 
tion  reaction. 


Grinding 

1 .  Remove  all  of  the  material  from  the  reaction  vessel  by  peeling  away  the  aluminum 
can  with  the  aid  of  a  pair  of  metal  cutters  and  some  form  of  hand  vise  (beware  of  the  very 
sharp  aluminum  edges  subsequently  exposed).  Use  a  sharp  knife  to  scrape  off  all  material 
that  is  still  clinging  to  the  bulk  of  the  product.  Unwanted  impurities  will  be  colored  grey 
or  black:  the  product  is  a  clean  white  powder. 

2.  Use  a  large  conventional  mortar  and  pestle  to  reduce  the  size  of  the  pieces  recov¬ 
ered  from  the  reaction  vessel  to  a  particle  size  that  will  all  pass  through  an  ASTM  *35  sieve. 

3.  Place  the  approximately  350g  (two  reaction  vessels  with  total  capacity  of 
approximately  170g  each  were  calcined  simultaneously  in  the  calcination  assemblage) 
into  a  0.3  gallon  milling  container,  add  18  spheres  (ceramic,  individually  0.78  to  0.87  inch 
in  diameter  and  15.4g  mass),  and  mill  for  at  least  2  hours  (as  before:  critical  speed  of  ball 
mill  is  124  rpm;  desired  speed  for  efficient  grinding  is  80%  of  the  critical  revolution  rate  of 
124  rpm).  Actual  revolution  rate  used  by  us  was  92  rpm,  corresponding  to  74%  of  the 
critical  speed.  Representative  samples  can  be  taken  at  this  point  for  analysis  or  reference 
purposes. 

4.  Open  up  the  milling  pot,  remove  the  18  grinding  balls,  and  add  approximately 
1%  by  weight  of  a  solid  flow  agent  such  as  “Tullanox  500©”  (supplied  commerically  by 
Tulco,  Inc.)  in  the  form  of  a  finely  dispersed  (100%  Pass  an  ASTM  *-*00  mesh) 
hydrophobic,  fumed,  SiOn  powder.  Add  six  solid  rubber  mixing  spheres  (0 inch  in 
diameter,  5.5g  in  weight)  and  mix  for  15  minutes  to  disperese  the  flow  agent  through  the 
reaction  mixture  containing  Dawsonite. 

After  a  flow  agent  has  been  added,  particle  size  distribution  and  bulk  density  of  the 
resulting  material  can  be  determined,  and  the  powder  is  then  ready  for  use  (prepared 
powder  was  stored  in  a  plastic  bag  inside  a  sealed  metal  gallon  can). 

In  addition  to  the  conditions  specified  in  the  foregoing  protocol,  the  formation  of 
the  potassium  analog  under  variable  time,  temperature,  and  pressure  parameters  was  investi¬ 
gated.  Product  speciation  was  determined  by  X-ray  diffraction  and  is  tabulated  in  Table  A-4 
and  summarized  in  Figure  A-3.  The  bottom  of  Figure  A-3  shows  the  temperature,  pressure, 
and  time  conditions  for  which  the  potassium  analog  of  Dawsonite  is  the  principal  resultant 
specie.  At  temperatures  below  200°C  the  reaction  time  increases  to  days  and  at  15CTC  or 
less  no  reaction  occurs.  In  the  absence  of  carbon  dioxide  pressure  or  insufficient  carbon 
dioxide  pressure,  the  principal  phenomenon  is  decomposition  of  the  reactants 
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Table  A-4.  Formation  of  the  Potassium  Analog  of  Dawsonite  by  Calcining. 
(Product  Speciation  as  Determined  by  X-ray  Diffraction.) 


Sample 

designation 


I 

II 

washed) 

III 

IV 

V 

VI 

VII 

VIII 

IX 

X 

XI 


Temperature, 

°C 

Time, 

hr 

i 

Pi(C02) 

Identified  species  and 
estimated  relative  amounts0 

250 

0.5 

eg 

D>b 

245 

4.5 

BK 

D»B~b 

245 

4.5 

360 

D»B 

245 

4.5 

240 

D»B~b 

245 

4.5 

120 

D»B 

231 

14.0 

240 

D»B 

200 

4.5 

240 

G>D  -  B5b 

4.5 

120 

D-B-b^G 

200 

4.5 

60 

D^B5G-b 

155 

4.5 

360 

G>b'X5D 

155 

45.0 

360 

G5b-X>D>c  1 .5H20~c~B 

155 

45.0 

240 

G>b-X^D-cl.5H20 

.egend: 

D  ■  Potassium  Dawsonite 

G  =  Gibbsite 

B  »  Boehmite 

b  1  Potassium  bicarbonate 

c  =  Potassium  carbonate 

X  -  Unknown  compound  not  in  ASTM 

>>  means  about  10:1 

>  means  about  5  1 

>  means  about  3  -  to  21 
-  means  about  4  5  to  3  4 

NOTE  The  relative  amount  ut  each  component  was  estimated  assuming  the  following: 

1  The  principle  peak  height  tor  each  substance  is  of  comparable  intensity,  and 

2.  The  relative  amount  present  was  inproportion  to  the  height  of  its  major  peak 
compared  to  the  height  of  the  largest  principle  peak. 

Contrasted  to  the  inherent  complexities  of  a  refined  quantitative  X-ray  diffraction  approach, 
the  above  procedure  otfers  little  in  the  way  of  quantitative  information,  thus, -and  ~ relation¬ 
ships  should  be  interpreted  accordingly 
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G,  b,  X,  KD,  c,  3 


B,  b,  C 


Low  Tenperature 
(<150*) 


Legend:  G  »  Gibbs ite;  AI(OH>3 

b  »  Bicarbonate,  Potassium 
KD  »  Dawsonite,  Potassium  Analog 
c  »  Carbonate,  Potassium 
B  *  Boehmite;  AlD(CH) 
x  *  Unknown  Specie 

Figure  A-3.  Potassium  Analog  Syntheses. 

(Product  Speciation  as  a  Function  of 

Experimental  Variables) 


ANALYTICAL  METHODOLOGIES  FOR  POTASSIUM  DAWSONITE 


Quantitative  Analytical  Methods 

The  analytical  characterizations  of  the  resultant  products  realized  from  the  calcina¬ 
tion  of  equimolar  potassium  bicarbonate/Gibbsite  mixtures  under  varying  conditions  are 
tabulated  in  Table  A-S.  The  experimentally  determine  weight  percents  were  obtained  by  the 
following  methods:  (1)  potassium-atomic  absorption,  (2)  aluminum-EDTA  titration 
using  Eriochrome-T  indicator,  and  (3)  carbonate -acidification  followed  by  absorption  of 
liberated  CCH  by  “Ascarite©”. 
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Table  A-5.  Formation  of  the  Potassium  Analog  of  Dawsonite  by  Calcining. 
(Analytical  Characterizations) 


Sample 

designation 

%  a+ 

%  Al3+ 

%  co3- 

Theoretical 

24.42 

16.85 

37.48 

II 

25.8 

17.03 

37.7 

Il(washed) 

25.1 

17.59 

37.3 

III 

24.4 

16.97 

37.4 

IV 

26.0 

16.74 

37.5 

V 

25.1 

17.02 

37.8 

VI 

25.3 

17.84 

31.5 

VII 

23.5 

18.31 

31.6 

VIII 

25.5 

16.92 

34.6 

IX 

23.8 

16.72 

32.3 

X 

23.9 

16.89 

32.6 

XI 

24.1 

17.92 

29.0 

Uncertainty 

±0.5 

±0.5 

±0.5 

Hypothetically,  the  intended  objective  in  the  calcining  process  is  the  realization  of 
the  potassium  analog  of  Dawsonite  according  to  Equation  (1)  of  Table  A-6.  In  addition  to 
the  Dawsonite  formation  reaction,  a  series  of  probable  competitive  decomposition  reactions 
is  shown.  The  variety  of  species  resulting  from  varying  the  calcination  conditions,  as  identi¬ 
fied  in  the  X-ray  diffraction  spectra  taken  of  the  crude  products  obtained,  is  consistent  not 
only  with  the  postulated  formation  reaction  ( 1 ),  but  with  the  competitive  decomposition 
reactions  (2),  (3),  and  (4)  as  well.  It  can  be  ascertained  from  Table  A-7  and  Figure  A-4, 
that  in  the  case  for  crude  product  analyses,  the  carbonate  content  would  be  the  most  sensi¬ 
tive  indicator  of  the  contribution  of  conversion  types  (3)  and  (4).  To  the  extent  that  con¬ 
version  types  (1)  and  (2)  predominate,  carbonate  analyses  of  the  crude  product  would  be 
an  insensitive  prarameter  with  which  to  distinguish  the  relative  extent  of  conversion  (1) 
versus  (2);  however,  carbonate  analyses  performed  after  purification  by  low  temperature 
washing  would  be  highly  sensitive  to  the  (insoluble  carbonate/soluble  carbonate)  proportion, 
a  characteristic  that  would  be  a  sensitive  measure  of  the  ratio. 


Percent  conversion  for  reaction  1 
Percent  conversion  for  reaction  2 

Table  A-8  compares  typical  analyses  for  crude  and  purified  potassium  Dawsonite.  It 
can  be  concluded  that  within  the  limits  of  uncertainty  of  the  methodologies  utilized,  con¬ 
version  reaction  (1)  occurs  almost  exclusively  The  existence  of  unidentified  species  in 
systems  IX,  X,  and  XI  precludes  application  of  the  above  approach  as  a  diagnostic  procedure. 
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Table  A-6.  Calcination  of  Potassium  Bicarbonate/Gibbsite  Mixtures. 
(Possible  Type  of  Conversions) 


(1)  KHCO3  +  Al(OH)3 - -KA1(0H)2C03  +  H20 

(2)  KHCO3  +  Al(OH)3 - KHCO3  +A10(0H)  +  H20 

(3)  KHCO3  +  Al(OH)3 - 0.5K2CO3  +  AIO(OH)  +  1.5H20  +  0.5CO2 

(4)  KHCO3+  Al(OH)3 - 0.5K2CO+  Al(OH)3  +  0.5CCH 


Conversion  ( 1)  is  (he  formation  of  the  potassium  analog  of  Dawsonite. 
Conversion  (2)  is  the  decomposition  of  Gibbsite. 

Conversion  (3)  is  the  decomposition  of  Gibbsite  and  potassium  bicarbonate. 
Conversion  (4)  is  the  decomposition  of  potassium  bicarbonate. 


Table  A-7.  Reactant  and  Product  Composition  as  a 
Function  of  Conversion  Type. 

(Calcination  of  Potassium  Bicarbonate/Gibbsite  Mixtures) 


Initial  composition 


Conversion 

type 

%K+ 

%  Al3+ 

%  co3= 

(1) 

21.95 

■SB 

33.69 

(2) 

21.95 

mm 

33.69 

(3) 

21.95 

15.15 

33.69 

(4) 

21.95 

15.15 

33.69 

Final  composition 


Conversion 

type 

%  K+ 

%A13+ 

%  CO3" 

(1) 

24.42 

16.85 

37.48 

(2) 

24.42 

16.85 

37.48 

(3) 

30.29 

20.90 

17.05 

(4) 

26.58 

18.34 

14.96 
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INFRARED  ANALYSIS 


Figure  A-5  is  a  typical  spectrum  of  the  potassium  analog  of  Dawsonite  synthesized  by 
calcination;  Figure  A-6  is  a  characteristic  spectrum  obtained  from  a  product  synthesized  by 
solution  preparation  methodology  analogous  to  that  of  the  previously  published  literature 
(References  45-47,  50-53,  55-57).  Table  A-9  lists  the  experimentally  observed  band 
frequencies  that  appear  in  Figures  A-5  and  A-6.  It  can  be  readily  concluded  from  the  data  of 
Table  A-9  and  Figure  A-5  and  A-6  that  the  spectrum  of  the  calcined  product  and  the 
spectrum  of  the  solution  preparation  product  are  virtually  identical.  The  data  of  Table  A-9 
is  also  quite  comparable  to  the  previously  published  infrared  band  frequencies  of  the 
potassium  analog  of  Dawsonite  as  summarized  in  Table  A-2. 
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Figure  A-5.  Infrared  Spectrum  of  the  Potassium  Analog  of  Dawsonite 
Synthesized  by  Calcination. 
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Figure  A-6.  Infared  Spectrum  of  the  Potassium  Analog  of  Dawsonite 
Synthesized  by  Solution  Precipitation. 
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Table  A-9.  Comparison  of  the  Infrared  Bank  Frequencies 
of  the  Potassium  Analog  of  Dawsonite  Prepared  by 
Calcining  and  Solution  Precipitation. 


Calcining 

method, 

cm** 

Intensity 

Solution 

preparation 

method, 

cm-* 

3423 

s 

3420 

1533 

vs 

1525 

1408 

vs 

1405 

1103 

w 

1095 

1000 

s 

1000 

870 

m 

865 

846 

w 

840(sh) 

761 

w 

760 

743 

w 

740 

Legend: 

»  ■  strong 
vs  *  very  strong 
w  »  weak 
m  «  medium 


THERMOGRAVIMETRIC  ANALYSIS 

Figures  A-7,  A-8,  and  A-9  show  the  experimentally  determined  integral  weight  loss 
TGA  curves  obtained  for  the  potassium  analogs  of  Dawsonite  formed  by  low  temperature 
soluiton  preparation  (T  =  80°C),  high  temperature  solution  preparation  (T  =  135°C)  and 
calcination  methods,  respectively.  Temperature  versus  percent  weight  loss  data  at  selected 
intervals  was  taken  directly  from  the  original  traces  and  recorded  in  Table  A-10.  It  is  con¬ 
cluded  from  this  data  that  the  analog  prepared  by  calcination  exhibits  an  overall  weight  loss 
profile  more  analogous  to  the  model  postulated  in  Table  A-l.  Compared  to  calcining,  the 
products  obtained  by  solution  precipitation  methods  show  diminished  thermal  stability 
prior  to  the  Fuat  major  endothermic  decompostion  that  occurs  at  approximately  300°  C. 
Figures  A-10  and  A-l  1  show  combined  typical  differential  as  well  as  integral  weight  loss 
curves  characteristics  of  analogs  prepared  by  low  temperature  solution  methods  and  cal¬ 
cination  methods,  respectively.  Thus,  it  has  been  shown  that  the  product  obtained  by  the 
process  of  calcination  possesses  greater  thermal  stability  prior  to  the  major  endotherms  and 
the  transition  temperatures  attending  these  decompositions  are  measurably  higher. 
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Table  A- 10.  Thermolysis  of  the  Potassium 
Analogs  of  Dawsonite  Formed  by 
Solution  Precipitation  and  Calcination. 
(Comparative  Weight  Loss  Profiles) 


Point 

Low  temperature  solution 
preparation 

High  temperature  solution 
preparation 

Calcination 

preparation 

Percent 

Temperature. 

*C 

Percent 

Temperature. 

•c 

Percent 

Temperature. 

•c 

A 

6 

290 

4 

330 

3 

340 

B 

18 

330 

16 

360 

16 

375 

C 

32 

370 

30 

390 

29 

410 

TEMPERATURE,  *C  (CHROMEL/ALUMEL) 

Figure  A- 10.  Integral  and  Differential  Gravimetric  Analysis  Curves  for  the 
Thermolysis  of  the  Potassium  Analog  of  Dawsonite  Prepared  by  Low 
Temperature  Solution  Precipitation. 


TEMPERATURE,  “C  ICHROMEL/ALUMEL) 


Figure  A-l  1 .  Integral  and  Differential  Gravimetric  Analysis  Curves  for 
the  Thermolysis  of  the  Potassium  Analog  of  Dawsonite  Prepared  by 
Calcination. 


THERMOCHEMICAL  BEHAVIOR 


Using  DSC  (differential  scanning  calorimetry)  techniques  and  potasium  hydrogen 
carbonate  as  a  reference  comparison,  the  heat  changes  attributable  to  the  first  major  endo- 
therm  of  potassium  Dawsonite  decomposition  was  measured  and  determined  to  be 
30  ±  2  kcal/mole,  a  change  equivalent  to  that  upon  going  from  System  I  to  System  IV  as 
shown  below.  The  endothermic  minimum  occured  ,\t  340°C.  Although  at  high  temperatures 
(”,35°C).  the  final  decomposition  species  is  potassium  aluminate,  KSICWc).  it  is  probable 
that  the  decomposition  phase  at  340°  C  is  amorphous  (References  48  and  80)  and  has  a 
composition  corresponding  to  System  IV  (see  Table  A-l). 
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E 

E  N 
XD 
O  0 


AH°.  (Kcal/mol) 


I  -551  KA10(0H)HC03(c)/H20(l) 

(min.  est.) 

II  -536  KHC03(c)/A1(0H)3(c) 

III  -533  KHC03(c)/A10(0H)(c)/H20(l) 

IV  -521(0.5K2C03-0.25Al203-0.5A10(OH))(am)/ 


0.5CO2(g)/1.75H2O(  1) 
(min.  est.) 


In  the  inset  above.  System  I  comprises  products  in  the  potassium  Dawsonite  calcination 
synthesis:  System  II  consists  of  the  reactants,  whereas  System  III  represents  the  products  of 
a  competitive  decomposition  side  reaction. 

The  formation  enthalpies  for  Systems  II  and  III  were  computed  from  thermochemical 
data  of  Reference  81.  A  min.  est.  (minimum  estimate)  for  System  IV  was  arrived  at  by 
computing  the  formation  enthalpy  for  the  following: 

0.5K2CO3(c  )/0.25  A 1 2O3(c)/0.5  A 1 O(OH)(c)/0.5CO2(g)/ 1 ,75H2Q(  1 ) 


To  be  sure,  this  computation  underestimates  the  actual  formation  enthalpy  by  an  amount 
equivalent  to  the  enthalpy  of  species  interaction  minus  a  smaller  enthalpy  change 
attributable  to  the  change  in  lattice  structure,  according  to  the  equation  below. 


0.5K2CO3(c)  +  0.25A1  203(c)  +  0.5  A10(0H)(c) 
0.5K2O3-0.25Al2O3-0.5AlO(OH)(am) 


Utilizing,  the  minimum  estimate  for  System  IV  and  the  measured  value  of  the  change 
on  going  from  I  — —  IV,  it  can  be  concluded  that  the  formation  of  the  potassium  analog 
of  Dawsonite  form  Gibbsite  and  potassium  hydrogencarbonate  is  in  fact  exothermic,  con¬ 
firming  recent  observations  (Reference  82). 


JTCG/AS-82-T-002 


X-RAY  DIFFRACTION  ANALYSIS 

A  typical  X-ray  diffraction  spectrum  of  the  potassium  analog  of  Dawsonite  prepared 
by  the  method  of  calcining  is  depicted  in  Figure  A- 12.  The  12  major  peaks  observed  at 
reflections  between  10  and  50  degrees  are  compared  in  Table  A- 1 1  to  the  previously 
published  data.  Various  differences  between  the  observed  data  disclosed  in  this  investigation 
and  the  previously  published  data  are  summarized  below. 


- — 20 


Figure  A-l  2.  Typical  X-ray  Diffraction  Spectrum  of  the  Potassium  Analog  of 
Dawsonite  Prepared  by  Calcination. 
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Table  A-l  1.  Comparison  of  “d”  Spacings  for  the  Potassium  Analog^ 
of  Dawsonite  Prepared  by  Different  Methods. 


Solution  Preparation  Methods 

Composite 

literature 

average 

Calcining 

Method 

NASA 

empirical 

values 

Reference  55 

Reference 

46 

Specimen  2 

Specimen  3 

Specimen  4 

5.68 

5.985  (1) 

5.55 

5.58 

5.55 

5.58 

(5.57) 

5.574  (2) 

4.13 

4.08 

4.10 

b 

(4.10) 

4.105  (3) 

3.39 

3.34 

3.33 

3.37 

(3.36) 

3.370  (4) 

3.14 

3.18 

3.14 

3.15 

(3.15) 

3.153  (5) 

c 

2.889  (6) 

2.82 

2.83 

2.82 

2.79 

(2.82) 

2.818  (7) 

c 

2.788  (8) 

2.64 

2.65 

2.65 

2.65 

(2.65) 

2.644  (9) 

2.53 

2.53 

2.50 

2.50 

(2.52) 

2.518  (10) 

2.21 

2.24 

(2.23) 

d 

2.15 

2.17 

2.15 

2.17 

(2.16) 

2.168  (1  1) 

1.96 

1.98 

1.98 

1.99 

(1.98)* 

1-996 

1.985 

‘Tor  substances  having  composition  K.  V  I  (OH)  iCOj. 

^Although  a  rellcction  at  29  =  21.65  degrees  (4.105A)  is  not  reported  bv  the  French  work  of  Reference  4b.  a 
potassium  analog  of  Dawsonite  synthesized  according  to  then  published  method  did  y  ield  an  X-ray  diffrac¬ 
tion  spectrum  analogous  to  the  NASA  empirical  spectrum,  including  the  reflection  at  28  =  21.65  degrees. 

cAlthough  neither  the  30  92  degree  nor  the  32.11  degree  lines  are  reported  in  the  prior  literature 
(corresponding  to  d  =  2.S89  and  2.788A,  respectively!,  when  the  potassium  analog  of  Dawsonite  is  prepared 
according  to  the  literature  methods  of  References  46  and  55.  these  lines  are  seen  in  the  materials  resulting 
from  both  preparations,  Earlier  studies  may  have  ascribed  these  lines  to  closely  matching  potassium 
bicarbonate  and  potassium  carbonate  lines,  respectively,  although  neither  line  corresponds  to  the  principal 
peak  of  either  ot  these  substances.  Experimentally,  the  30.92  and  32.1 1  degree  lines  cannot  be  removed  by 
washing:  calcining  experiments  in  which  the  bicarbonate  or  carbonate  was  present  as  a  limiting  reactant  and 
Gibbsite  was  present  in  25T  molar  excess  yielded  products  that  displayed  both  of  these  reflections. 

^It  is  to  be  noted  that  a  reflection  corresponding  to  2.23A  is  reported  by  both  previous  studies.  However,  a 
repeat  of  the  method  published  in  Reference  55  whereby  the  potassium  analog  of  Dawsonite  is  formed  from 
elemental  Alls)  added  to  aqueous  hot  potassium  carbonate  solution,  yielded  a  product  which  showed 
significant  amounts  of  potassium  Dawsonite,  Gibbsite.  and  Bayerite.  the  most  intense  line  of  the  Bayente 
occurring  at  2.22  A.U.  It  was  subsequently  established  by  our  studies  that  pure  potassium  Dawsonite 
showing  no  Gibbsite  or  Bayerite  (and  no  line  corresponding  to  2.22  A.L'.l  can  be  obtained  by  simply 
pretlltering  the  reaction  mixture  prior  to  the  solution  precipitation  of  potassium  Dawsonite.  which  occurs 
slowly. 

Previous  X-ray  diffraction  and  electron  microscopy  studies  (Reference  7  3)  on  KAlO-i  iaq)/COx  systems 
have  established  unequivocally  that  Bayerite  and  Gibbsite  can  both  form  concurrently.  Bayerite  arid  Gibsite 
are  different  crystal  structure  forms  of  A  l(OH)j(c)  li  e.,  a  formula  that  can  be  written  as  AliOjOH-iOlcl). 
The  formation  ratio  of  these  product  species  is  temperature  dependent,  the  GibbsiteTBavente  ratio 
increasing  with  increasing  temperature  in  the  60  to  lOO’C  range.  The  solution  concentrations  and  con¬ 
centration  ratios  of  reacting  species  in  this  system  were,  by  design,  not  optimized  in  favor  of  Dawsonite 
analog  precipitation. 

^The  reflection  in  our  spectra  near  1.99  A  is  usually  seen  as  a  broad  asymmetric  peak  that  most  frequently  is 
observed  as  a  partially  resolved  pair;  infrequently  it  appears  resolved  into  a  trio  of  peaks,  whereas  at  other 
times  it  is  observed  as  a  single  peak. 
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LATTICE  PARAMETERS 

Computer  analysis  of  the  powder  pattern  reflection  data  of  the  potassium  analog  of 
Dawsonite  by  the  method  of  J.  W.  Visser  (References  74  and  75)  has  yielded  probable  sets 
of  unit  cell  parameters.  Thus,  existence  of  a  well  defined  phase  behavior  of  the  potassium 
analog  has  been  established.  Limitations  in  instrumental  precision  and  the  accuracy  of  the 
method  of  internal  standards  did  not  allow  unambiguous  assignment  of  the  unit  cell 
parameters,  hence,  Table  A-12,  which  compares  lattice  parameters  of  Dawsonite 
(References  62,  76-78)  with  its  potassium,  rubidium  (Reference  79),  and  cesium 
(Reference  80)  analogs,  depicts  two  equally  probable  solutions.  Although  the  two  solutions 
shown  in  this  table  came  from  different  samples,  no  correlation  between  calcination 
conditions  and  unit  cell  parameters  was  observed  for  the  numerous  indexings  that  were 
achieved.  Whenever  solutions  and  indexing  was  achieved  for  a  sample,  an  orthorhombic 
system  was  the  most  likely  of  all  crystal  systems  to  be  assigned  and  invariably  has  a  higher 
figure  of  merit  than  other  solutions. 


Table  A-12.  Dawsonite  and  Its  Analogs. 
(Lattice  Parameters  Summary  for  General 
Formula  MA1(0H)2C03) 


•  Metal  M 

“ 

System 

Unit  cell 

O 

a 

alpha 

Volume 

b° 

beta 

A3 

c° 

gamma 

6.7(4) 

90.00 

Na 

Ortho 

10.4(0) 

90.00 

392 

t 

5.5(8) 

90.00 

1  1.945/6.310 

90.00/90.00 

K 

Mono/Ortho 

6.309/1 1.976 

90.325/90.00 

425/427 

5.644/5.645 

90.00/90.00 

6.77 

90.00 

Rb-1/2H20 

Ortho 

12.7 

90.00 

490 

5.70 

90.00 

7.04 

90.00 

Cs-H20 

Ortho 

13.1 

90.00 

554 

5.74 

90  00 

«• 

V 

V 
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MOISTURE  PICKUP/LOSS  CHARACTERISTICS 

Potasssium  Dawsonite  prepared  according  to  the  detailed  procedure  previously 
described,  was  subjected  to  a  set  of  hyper-humidity  and  hypo-humidity  studies.  In  the  high- 
humidity  test,  the  material  was  confined  to  a  closed  system  (desiccator)  into  which  had 
been  placed  a  reservoir  of  water  sufficient  in  quantity  to  provide  maximum  moisture  satura¬ 
tion  at  ambient  temperature,  ca.  23°C.  During  the  test  periods  of  24  and  48  hours,  the 
percent  weight  gain  was  0.98  and  1.62%,  respectively.  In  the  low-humidity  test,  the  material 
was  similarly  confined,  however,  a  reservoir  of  concentrated  sulfuric  acid  replaced  the  water 
and  provided  a  dehydrating  environment.  During  the  test  periods  of  24  and  48  hours,  the 
percent  weight  loss  was  observed  to  be  0.34  and  0.40%,  respectively. 

SUMMARY 

The  prior  literature  on  the  potassium  analog  of  Dawsonite  has  been  reviewed  and 
summarized.  Previously  reported  work  addresses  the  following  aspects:  solution  procedures 
for  the  synthesis  of  the  analog;  composition  studies;  themogravimetric  decomposition 
behavior;  infrared  analysis;  solubility  and  hydrolysis  properties;  and  partial  X-ray  diffraction 
characterizations. 

The  work  reported  herein  discloses  the  investigation  and  optimization  of  a  new  and 
efficient  single-step  method,  (viz,  calcination)  for  the  synthesis  of  the  potassium  analog  of 
Dawsonite  in  high  purity  and  high  yield.  The  analog  obtained  by  calcination  was 
characterized  according  to  its  composition,  infrared,  thermogravimetric,  and  X-ray  diffrac¬ 
tion  properties,  and  also  compared  and  contrasted  to  the  corresponding  product  obtained 
via  solution  precipitation  procedures.*  In  nearly  all  respects,  the  characteristics  of  the 
potassium  analog  of  Dawsonite  prepared  by  calcination  are  comparable  to  those  of  the 
material  obtained  via  high-temperature  solution  precipitation;  a  measurable  property 
differential  is  observed,  however,  in  their  repective  TGA  profiles.  Whereas  the  analog 
prepared  by  calcination  exhibits  an  overall  weight  loss  profile  closer  to  a  postulated  model, 
the  product  obtained  by  solution  precipitation  shows  diminished  thermal  stability  and 
greater  weight  loss  prior  to  the  first  major  endothermic  decomposition  that  occurs  around 
300°C. 

The  effort  accorded  the  investigation  and  characterization  of  the  potassium  analog  of 
Dawsonite  formed  via  calcination  has  thus  realized  the  following: 

1.  The  technological  basis  for  an  efficient  and  simple  means  of  its  production  in 
reasonable  quantities. 

2.  Definitive  characterization  of  the  product  produced  in  the  above  manner. 

3.  A  foundation  for  further  investigations  of  iodide  doped  potassium  Dawsonite 
systems. 


•Crystalline  phase  behavior  has  been  established  and  probable  lattice  parameters  have  been  determined. 
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SYNTHESIS  AND  CHARACTERIZATION  OF  IODIDE  DOPED 
POTASSIUM  DAWSON ITE 


INTRODUCTION 

The  premise  underlying  halogen  doping  of  the  potassium  analog  of  Dawsonite  rests  on 
the  well  known  scavenging  of  radical  flame  species  by  halogens.  Potentially,  highly  effective 
and  efficient  fire  suppressants  and  reignition  retardants  might  consist  of  radical  scavenging 
and  recombination  catalysts  that,  as  “guests”  in  a  host  substance  are  thermally  released 
upon  entry  into  and  partial  retention  within  a  combustion  zone.  A  substance  of  this  type 
or  combination  of  substances  would  not  only  have  the  potential  to  quench  a  fire,  but  the 
potential  to  suppress  the  reignition  of  the  conflagration  through  a  modulated  release  of 
quenching  components.  Substances  having  these  properties  could  potentially  be  achieved  by 
stoichiometric  encapsulation  of  an  active  fire  retardant  within  the  structure  of  a  crystalline 
inorganic  substance.  An  effective  fire  retardant  agent  of  this  type  might  utilize  a  layered- 
structure  host  compound  which,  it  is  asserted,  would  allow  a  guest  compound  such  as  an 
inorganic  halon,  to  become  inserted  into  or  substituted  within  available  lattice  sites.  The 
host  compound  should  have  the  potential  to  decompose  in  the  combustion  zone  with  the 
attendant  release  of  the  guest  compound  (flame-quenching  agent).  Alternatively,  a  micro¬ 
crystalline  nonstoichiometric  enclathration  of  an  active  flame  retardant  by  the  crystalline 
environment  of  a  thermally  labile  host  compound  might  also  serve  to  modulate  the  release 
of  quenching  components  into  the  combustion  zone.  A  third  type  of  system  might  involve 
the  use  of  a  simple  physical  mixture  of  an  active  component  which  is  nonadhesively  inter¬ 
spersed  in  the  particle  voids  of  the  host  compound. 

It  is  the  first  of  these  three  hypotheses  that  is  to  be  investigated  here.  Such  a  flame 
retardant  guest/host  compound  is  to  be  sought  by  a  solid-phase  synthetic  procedure  utilizing 
conditions  of  elevated  temperature  and  pressure.  The  resultant  species  realized  from  these 
procedures  are  to  be  characterized  by  various  spectrophotometric,  gravimetric,  and  chemical 
analysis  techniques  with  the  intention  of  gaining  information  as  to  the  nature  of  their  com¬ 
position  and  microenvironments.  This  will  lead  to  an  increased  understanding  of  the  method 
of  modulation  of  flame  quenching  components.  The  system  currently  being  investigated  as 
the  host  environment  is  the  potassium  analog  of  Dawsonite.  The  use  of  iodides  as  potential 
guest  agents  within  the  potassium  Dawsonite  structure  will  be  examined.  Iodides  are  well 
known  as  flame  quenching  agents  and  are  therefore  good  candidates  for  interstitial  encap¬ 
sulation  or  enclathration.  Tin  iodides  and  potassium  iodide  will  serve  as  potential  sources 
for  the  iodide.  In  particular,  tin(IV)  iodide  has  a  high  volatility,  which  is  desirable  for  rapid 
release  of  the  iodide  into  the  combustion  zone.  Relative  ease  of  synthesis  also  makes  this 
compound  a  favorable  choice. 

The  method  of  synthesis  in  pursuit  of  these  guest/host  compounds  will  follow  the 
procedure  for  the  synthesis  of  potassium  Dawsonite  as  described  in  a  previous  section  of  this 
paper.  Varying  mole  ratios  of  KD/Snl4*  will  be  physically  mixed.  Each  mixture  will  be 


•KD  refers  to  potassium  Dawsonite. 
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divided  into  two  samples  with  one  sample  to  be  calcined  at  high  temperature  and  pressures. 
The  physical  mixtures  and  their  calcined  counterparts  will  be  characterized  by  infrared 
spectrometry,  X-ray  diffraction  spectrometry  as  well  as  chemical  analysis  and  TGA.  For 
reasons  to  be  enumerated  subsequently,  SnH  was  not  the  subject  of  this  guest/host 
investigation. 


Tin(  II)  Iodide  and  Tin(IV)  Iodide 

Under  normal  conditions  tin  iodide  can  exist  in  two  forms.  Stannous  iodide  has  the 
formula  SnH  and  the  other  moiety,  stannic  iodide,  has  the  formula  Snl4.  Both  can  be  pre¬ 
pared  by  the  direct  combination  of  tin  metal  and  elemental  iodine  (References  85,  88). 
Stannic  iodide  volatilizes  at  180°C  while  stannous  iodide  remains  fixed  at  red  heat  (Refer¬ 
ence  81).  At  327°C,  stannic  iodide  has  a  vapor  pressure  3000  times  that  of  stannous  iodide 
(Reference  82).  Stannous  iodide  has  a  melting  point  of  320°C  and  a  boiling  point  of  720°C. 
Stannic  iodide  has  a  melting  point  of  143.5°C  and  a  boiling  point  of  340°C.  SnI-»  and  Snl4 
have  densities  of  5.29  and  4.70  g/cm^,  respectively  (Reference  81).  When  crystallized  from 
aqueous  solution,  stannous  iodide  contains  2  molecules  of  water.  When  dried  over  sulfuric 
acid  the  monohydrate  is  formed  (Reference  81).  The  crystal  structure  of  both  moieties  have 
been  reported  (Reference  83—85).  Meller  and  Fankuchen  report  stannic  iodide  as  belonging 
to  the  space  group  Pa3.The  unit  cell  is  cubic  with  ao=  12.26A.  An  earlier  work  by  Dickinson 
reports  ag  =  12. 23 A.  Howie,  et.  al.  report  stannous  iodide  as  being  monoclinic  with  cell 
dimensions  of : 


a  =  14.17 
b  =  4.535 
c  =  10.87 
P  =  92.0° 

Stannous  iodide  belongs  to  the  space  group  C2/m  (Reference  85).  Infrared  studies  on  stan¬ 
nic  iodide  indicate  only  two  active  bands  at  219  cm-1  and  71  cm-1  (Reference  86).  Observed 
Raman  shifts  for  stannic  iodide  occur  at  vj  =  149  cm-*,  V2  =  47  cm-',  V3  =  216  cm'', 
and  V4  =  63  cm-'  (Reference  87).  Stannic  iodide  is  stable  in  air,  under  prolonged  contact 
with  moist  air  Sn02  is  formed  (Reference  88).  Stannous  iodide  is  known  to  be  sensitive  to 
atmospheric  oxidation  (Reference  85).  Exposure  to  X-rays  also  accelerates  the  decomposi¬ 
tion  of  stannous  iodide  (Reference  85).  X-ray  diffraction  spectra  of  both  SnH  and  Sn4 
have  been  reported,  see  Tables  37  and  38  (Reference  89). 
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EXPERIMENTAL 


PREPARATION  OF  TIN  IODIDES 


Recrystallization  of  Stannous  Iodide 

Stannous  iodide  was  obtained  from  ROC/RIC  chemical  supplier.  Purity  was  checked 
by  chemical  as  well  as  X-ray  diffraction  analysis.  Stannous  iodide  was  then  purified  by 
recrystallization  from  2  M  HC1.  The  recrystallization  procedure  follows  that  as  described  by 
Howie,  et.  al.  (Reference  85).  The  purified  product  was  stored  in  a  nitrogen-filled  brown 
glass  bottle  which  was  kept  in  a  vacuum  desiccator.  Recrystallized  product  identity  and 
purity  were  established  by  X-ray  diffraction  and  TGA. 


Synthesis  of  Stannic  Iodide 

Pure  stannic  iodide  was  prepared  by  the  direct  combination  of  tin  and  elemental 
iodine  in  carbon  tetrachloride  solvent  (Reference  88).  The  carbon  tetrachloride  solvent  was 
evaporated  off  by  gentle  heating.  The  stannic  iodide  obtained  was  stored  in  a  nitrogen-filled 
brown  glass  jar  which  was  placed  in  vacuo  over  calcium  chloride.  Product  purity  and  identity 
were  confirmed  by  elemental  analysis  for  tin  and  iodine,  and  by  X-ray  diffraction  and  TGA. 


Reactions  of  Tin  Iodides  with  Potassium  Dawsonite 

Varying  mole  ratios  of  tin(IV)  iodide  and  potassium  Dawsonite  were  mixed  and  sub¬ 
jected  to  calcination.  The  reaction  bomb  is  the  same  as  that  used  for  potassium  Dawsonite 
syntheses.  Potassium  Dawsonite  and  tin(IV)  iodide  were  finely  ground  and  made  to  pass 
through  an  ASTM  #325  mesh  sieve.  Samples  of  each  were  weighed  accurately  and  various 
mole  ratios  were  mixed  together.  The  physical  mixtures  were  ground  and  mixed  together 
until  the  mixture  was  homogeneous.  The  mixture  was  placed  in  a  20-ml  glass  beaker  with  a 
watch  glass  placed  on  top.  The  beaker  with  sample  was  placed  into  the  reaction  vessel  along 
with  10  ml  of  water  which  was  placed  on  the  bottom  of  the  reaction  vessel.  The  reaction 
vessel  was  sealed  and  flushed  with  carbon  dioxide  gas.  Carbon  dioxide  pressure  was  brought 
to  240  psi  at  room  temperature.  The  reaction  vessel  was  allowed  to  come  to  a  constant 
temperature  of  240  ±  5°C  with  a  corresponding  CO2  and  H2O  pressure  of  600  ±  25  psi. 
The  calcination  was  allowed  to  continue  for  18  ±  2  hours.  The  reaction  bomb  was  cooled 
rapidly  (approximately  1/2  hour)  and  the  sample  was  removed  when  bomb  conditions 
came  to  equilibrium  with  the  surrounding  evnironment.  The  sample  was  dried  in  vacuo  over 
calcium  sulfate  at  room  temperature.  Products  obtained  were  ground  in  a  mortar  and  were 
passed  through  a  325  mesh  sieve.  Products  were  characterized  by  infrared  spectrometry, 
TGA,  and  X-ray  diffraction.  Physical  mixtures  of  the  same  mole  ratios  of  Sn^/K-Dawsomte 
were  made  homogeneous  and  characterized  by  IR,  TGA,  and  X-ray  diffraction. 
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Calcination  of  Aluminum  Hydroxide,  Potassium 
Bicarbonate  and  Potassium  Iodide 

A  physical  mixture  of  aluminum  hydroxide,  Al(OH)3,  potassium  bicarbonate, 
KHCO3,  and  potassium  iodide,  KI,  was  ground  and  made  homogeneous  in  the  mole  ratio  of 
I  mole  Al(OH>3  to  1  mole  KHCO3  and  a  corresponding  amount  of  KI  that  would  be 
necessary  to  equal  the  amount  of  iodine  in  a  mixture  of  potassium  Dawsonite  and  10% 
Snl4  (the  relative  proportions  by  weight  are  100.12/78.00/15.7,  respectively,  KHCO3/ 
Al(OH>3/KI).  The  mixture  was  calcined  under  the  same  conditions  as  that  of  the  calcination 
of  potassium  Dawsonite  as  described  earlier.  The  calcined  product  was  characterized  by 
X-ray  diffraction. 


PRODUCT  SEPARATION  PROCEDURES 


Separation  of  Components  of  l :  1  Mole  Ratio 
(Potassium  Dawsonite/Tin  Iodide)  Calcined  Product 

Components  of  the  above  product  were  separated  according  to  their  selective  solu¬ 
bilities  in  carbon  tetrachloride  and  water.  Hot  carbon  tetrachloride  was  used  to  extract 
out  any  unreacted  tin(IV)  iodide.  Cold  water  was  used  to  remove  any  water  soluble  iodide. 
The  remaining  components  were  not  soluble  in  either  hot  carbon  tetrachloride  or  cold 
water.  Components  were  characterized  by  X*ray  diffraction. 


Iodine  Content  of  Potassium  Carbonate/ 

Aluminum  Hydroxide/Potassium  Iodide  Calcined  Product 

The  KI  of  the  KHC03/A1(0H)3/KI  calcined  product  was  extracted  with  water  from 
the  remaining  components.  The  iodine  content  was  determined  using  a  procedure  described 
subsequently  in  this  paper. 


Infarared  Spectra 

The  infrared  spectra  of  potassium  Dawsonite,  crude  product  before  cold  water 
washing,  and  washed  potassium  Dawsonite  were  taken  using  a  Perkin  Elmer  700  IR  spectro¬ 
photometer.  Samples  for  infrared  were  prepared  by  grinding  a  small  quantity  of  the  sample 
into  a  ten-fold  amount  of  thoroughly  dried  KBr.  The  KBr/potassium  Dawsonite  sample  was 
completely  mixed  and  a  pellet  was  made  using  a  pellet  press.  A  reference  pellet  of  KBr  was 
used  during  the  infrared  measurements  in  order  to  cancel  out  any  effects  of  KBr  in  the  sam¬ 
ple  pellet.  The  products  obtained  from  the  potassium  Dawsonite/tin(IV)  iodide  calcinations 
also  had  their  infrared  spectra  obtained  by  the  same  procedure  as  described  above. 
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Thermogravimetric  Analysis 

A  duPont  990  thermal  analyzer  in  conjunction  with  aduPont  951  thermogravimetric 
analyzer  was  used  to  obtain  integral  as  well  as  differential  thermogravimetric  curves.  Temp¬ 
eratures  ranged  from  room  temperature  to  900°C.  A  heating  rate  of  10°C/min  was  used. 
Sample  weights  varied  from  10  to  25  mg.  Platinum  pans,  usually  used  for  such  proce¬ 
dures,  were  replaced  with  silica  pans  because  of  the  high  reactivity  of  platinum  with  iodine 
at  elevated  temperatures. 


X-Ray  Diffraction 

A  Norelco  X-ray  diffraction  unit  was  used  for  obtaining  X-ray  powder  diffraction 
patterns.  Copper  radiation  with  a  K -alpha  value  of  1.5418  nm  was  used  as  the  X-ray  source. 
All  samples  were  prepared  in  the  following  manner:  each  sample  was  finely  ground  until  the 
entire  sample  passed  through  a  325  mesh  sieve.  An  aluminum  sample  holder  with  a  rectangu¬ 
lar  hole  was  placed  on  a  glass  slide  (large  enough  to  block  the  entire  opening  in  the  alumi¬ 
num  sample  holder).  The  Pass-325  mesh  sample  was  placed  into  a  120  mesh  sieve  which 
covered  the  aluminum  holder  (exposed  hole  facing  up).  The  sample  was  sifted  through  the 
sieve  until  it  totally  covered  the  hole  in  the  aluminum  sample  holder.  The  sample  was 
tamped  down  lightly  and  the  excess  carefully  removed  with  a  razor  blade.  The  excess  was 
placed  into  the  120  mesh  sieve  and  the  process  repeated.  The  whole  process  was  repeated 
another  time,  except  that  the  sample  was  firmly  pressed  into  the  hole  before  the  excess  was 
removed.  The  exposed  side  of  the  sample  holder  was  then  covered  with  another  glass  slide 
and  the  “sandwiched”  sample  holder  was  intverted.  The  uppermost  glass  slide  (originally  the 
lower)  was  removed,  and  the  newly  exposed  sample  surface  was  used  for  the  X-ray  diffrac¬ 
tion  analysis.  The  aluminum  holder  plus  sample  was  placed  into  the  X-ray  diffractometer 
and  subjected  to  X-rays  over  a  20  range  of  10  to  50  degrees.  LiF  was  used  as  an  internal 
standard. 


Chemical  Analysis 

Chemical  analysis  procedures  were  developed  for  potassium,  aluminum,  carbonate, 
tin,  and  iodine  content.  For  potassium  Dawsonite  samples,  potassium  content  was  measured 
by  atomic  absorption;  aluminum  content  was  determined  by  EDTA  titration;  total  carbo¬ 
nate  was  determined  by  making  samples  acidic  and  collecting  the  CCH  gas  on  an  “Ascarite®  ” 
column  and  measuring  weight  gain.  Tin  analyses  were  carried  out  on  the  tin  iodides  as 
follows: 

1.  A  small  quantity  of  a  sample  to  be  analyzed  was  weighed  accurately  and  dis¬ 
solved  in  concentrated  NH4OH.  The  solution  was  heated  until  only  a  white  residue 
remained.  The  solution  was  allowed  to  cool  whereupon  dilute  nitric  acid  was  added  drop- 
wise  until  the  solution  turned  red  using  methyl  red  indicator.  Dilute  NH4OH  was  added 
dropwise  until  the  solution  just  changed  to  a  yellow  color.  After  reheating  for  a  few  minutes, 
the  precipitate  was  filtered  using  Whatman  #40  filter  paper.  The  precipitate  (SnCM  was 
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washed  with  warm  2%  NH4OH.  Both  the  precipitate  and  filtrate  were  collected  quanti¬ 
tatively.  Ashing  of  the  filter  paper  and  ignition  at  1000°C  for  1  hour,  followed  by  cooling  in 
a  desiccator  yielded  pure  SnC>2.  The  iodine  content  of  the  sample  remained  in  the  filtrate. 
Concentrated  NH4OH  was  added  to  the  filtrate  until  the  final  volume  was  approximately 
300  ml.  A  small  excess  of  AgNC>3,  required  to  precipitate  all  of  the  iodide,  was  added  to 
concentrated  NH4OH  (50  ml).  This  was  added  to  the  filtrate  slowly  using  a  thymolphthalein 
indicatoi.  The  solution  was  heated  for  2  hours,  whereupon  it  was  allowed  to  cool  to  room 
temperature  and  stand  overnight  (placed  in  the  dark).  Agl  was  filtered  through  a  fine 
sintered  glass  crucible,  washed  with  cold  water  and  dried  at  1 10°C  for  3  to  4  hours.  The 
sample  was  weighed  as  Agl. 


RESULTS 


CHEMICAL  ANALYSIS 


Purification  of  Stannous  Iodide  by  Recrystallization 

Chemical  analysis  of  the  tin(II)  iodide  as  received  by  the  supplier  was  significantly 
inconsistent  with  the  calculated  values  (see  Table  A-13).  X-ray  diffraction  spectra  indicated 
that  in  addition  to  the  presence  of  tin(II)  iodide,  there  was  considerable  tin(IV)  iodide  as 
well  as  some  unidentified  species.  Recrystallization  according  to  the  method  of  Howie, 
et.  al.,  yielded  a  crystalline  yellow-orange  product.  All  purified  samples  were  stored  in 
nitrogen-filled  brown  glass  containers  which  were  placed  into  a  vacuum  desiccator.  Although 
purified  tin(ll)  iodide  exhibited  TGA  and  X-ray  diffraction  characteristics  closely  resem¬ 
bling  literature  data  (see  Figure  A-13  and  Table  A-14),  routine  exposure  of  the  purified 
product  to  ambient  conditions  of  temperature,  light,  air,  and/or  moisture  initiated  rapid 
degradation  of  the  product. 


Table  A-13.  Chemical  Analysis  of  Stannous  Iodide  and 
Stannic  Iodide. 


Stannic  Iodide  ( Snl4 ) 


Theoretical.  % 

Washed  product,  7c 

Sn  =  18.95 

Sn  =  19,27  ±  0.1 

I  =  81.05 

I  =  80.79  ±  0.1 

Stannous  Iodide*1 


Theoretical,  % 

Sample,  % 

Sn  =  31.86 

Sn  =  34.11  ±0.3 

1  =  68.14 

I  =  63.71  ±  0.1 

a  SnU  from  the  supplier  was  found  to  be  impure  due  to  oxidation. 
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Legend : 

Line  1 :  Stannous  Iodide 
Line  2:  Stannic  Iodide 

Figure  A- 13.  Differential  Gravimetric  Analysis  Curves  for  the  Thermolysis 
of  Stannous  Iodide  and  Stannic  Iodide. 

Stannic  Iodide  Synthesis 

Tin(IV)  iodide  synthesized  according  to  the  method  of  McDermot  (Reference  88), 
yielded  an  orange-red  product  whose  elemental  analysis,  TGA.  and  X-ray  diffraction  spec¬ 
trum  as  shown  in  Table  A-13,  Figure  A-13,  and  Table  A-15,  respectively,  are  consistent  with 
authentic  Snl4.  Tin(IV)  iodide  obtained  from  laboratory  synthesis  was  found  to  be  rela¬ 
tively  insensitive  to  laboratory  environmental  conditions.  Moist  air,  however,  is  reported  to 
slowly  hydrolyze  it,  therefore  the  product  was  also  stored  in  the  same  manner  as  tin(ll) 
iodide.  Stannic  iodide  stored  this  way  remained  unchanged  for  months.  Since  stannic  iodide 
exhibits  considerably  less  environmental  sensitivity  than  stannous  iodide,  calcination  reac¬ 
tions  with  potassium  Dawsonite  were  performed  with  stannic  iodide  and  not  stannous 
iodide. 
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Table  A- 14.  26  Values  and  Relative  Intensities  for  the  X-ray 
Diffraction  Spectra  of  Tin(II)  Iodide  (Snb). 
(Laboratory  Preparation  and  Literature  Reference*2) 


15.30 

24.70 

25.23 

26.85 

27.32 

28.22 

28.79 
29.62 
31.78 

32.74 
39.42 
41.10 

41.80 

42.38 


15.20 

24.59 

25.16 

26.77 

27.27 

28.15 

28.89 

29.58 

31.71 

32.62 

39.31 

41.04 

41.74 

41.84 

42.29 


“The  relative  intensities  are  taken  from  the  indexed  A  STM  catalog  card  number 
25-975.  The  28  values  were  calculated  using  a  lambda  value  of  1.5418. 


Table  A- 15.  20  Values  and  Relative  Intensities  for  the  X-ray 
Diffraction  Spectra  of  Tin(IV)  Iodide  (SnL*). 
(Laboratory  Preparation  and  Literature  Reference*2) 


Relative  intensity 


Literature 

Observed 

12.48 

16.14 

10 

17.70 

10 

25.13 

100 

26.18 

29.09 

25 

31.78 

2 

33.46 

3 

34.26 

4 

39.54 

4 

40.24 

41.62 

28 

25 

49.24 

20 

5 

Literature 


Observed 


17.75 
25.20 

29.18 

31.78 

33.40 
34.30 
39.52 

41.68 

41.75 
49.28 

49.40 


aThe  relative  intensities  are  taken  from  the  indexed  ASTM  catalog  card  number 
6-0232.  The  28  values  were  calculated  using  a  lambda  value  of  1,5418. 
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CALCINATION  REACTIONS 


Tin!  IV )  Iodide  with  Potassium  Dawsonite 

Potassium  Dawsonite  was  calcined  with  stannic  iodide  using  mole  ratios  of  1:1,  2:1, 
4:1,  5:1,  and  8:1  potassium  Dawsonite/stannic  iodide.  The  1:1  and  2:1  mole  ratio  calcined 
products  were  orange-brown  and  green-brown  in  color,  respectively.  The  4:1  calcined 
product  was  light  yellow,  the  5:1  and  8:1  products  were  white  in  color.  All  products  were 
placed  into  small  glass  containers  and  stored  in  a  desiccator.  All  of  the  precalcined  physical 
mixtures  were  orange-white  in  color.* 


Calcination  of  Aluminum  Hydroxide.  Potassium  Carbonate 
and  Potassium  Iodide 

Potassium  Dawsonite  was  synthesized  by  calcining  Al(OH>3  with  KHCO3  in  the 
presence  of  KI.  The  product  obtained  was  dried  in  vacuo  overnight  and  stored  in  a  desic¬ 
cator.  The  final  product  was  a  fine  white  powder. 


INSTRUMENTAL  ANALYSIS 
Infrared  Spectroscopy 

Stannic  iodide  is  not  active  in  the  infrared  range  from  4000  to  650  cm'* 
(Reference  86).  Potassium  Dawsonite  is  active  in  this  range  and  shows  strong  absorption 
bands  at  3440,  1544,  1412,  1000,  and  516  cm-*.  Refer  to  Figure  A-5  for  the  IR  spectrum 
of  potassium  Dawsonite,  and  Table  A-2  shows  the  IR  frequencies  and  assignments  for 
potassium  Dawsonite. 

Infrared  spectra  of  the  1:1,  2:1,  and  4:1  mole  ratio  potassium  Dawsonite/stannic 
iodide  calcined  products  are  shown  in  Figure  A-14.  The  1:1  and  2:1  mole  ratio  products 
show  no  potassium  Dawsonite  absorption  bands.  See  Tables  A-16,  A-17  and  A-18  for  IR 
band  assignments.  The  5: 1  and  8: 1  mole  ratio  products  show  significant  absorption  bands  in 
the  strong  absorption  regions  of  potassium  Dawsonite,  as  shown  in  Figure  A-15.  The  5:1 
product  has  strong  IR  bands  at  3440,  1528,  1405,  and  998  cm-*.  The  8: 1  calcined  product 
has  strong  IR  bands  at  3425,  1525,  1410,  and  995  cm-*.  These  absorption  bands  correspond 
well  to  the  potassium  Dawsonite  absorption  bands  at  3440,  1544,  1412,  and  1000  cm-*. 
Tables  A-19  and  A-20  show  the  IR  frequencies  and  assignments  for  the  5:1  and  81  prod¬ 
ucts.  The  infrared  spectrum  of  the  4:1  mole  ratio  (potassium  Dawsonite/stannic  iodide) 
calcined  product  shows  a  very  small  excess  of  potassium  Dawsonite.  Refer  to  Figure  A-16 
for  the  infrared  spectrum  of  the  4:1  calcined  product  as  compared  to  the  species  as 
identified  and  assigned  in  Table  A-18.  Figure  A-16  includes  the  infrared  spectrum  of 
Boehmite  (AIO(OH)),  (3-stannic  acid,  and  stannic  oxide  (SnO^).  Table  A-21  gives  the  IR 
frequencies  of  Boehmite,  stannic  oxide,  and  0-stannic  acid. 


•It  should  be  noted  that  tint  IV)  iodide  and  potassium  Dawsonite,  when  mixed  and  stored  together  as  dry  powders 
at  room  tempetature  and  pressure,  spontaneously  generate  an  internal  pressure  within  the  storage  container;  thus,  the 
amounts  stored,  the  handling  procedures  and  the  type  of  storage  container  must  be  selected  accordingly. 
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Line  1 :  1:1  MOLE  RATIO 
Line  2:  2:1  MOLE  RATIO 
Line  3:  4:1  MOLE  RATIO 


Figure  A-14.  Infared  Spectra  of  the  1:1(1),  2:1(2),  and  4: 1(3)  Mole  Ratio 
(Potassium  Dawsonite/Snl4)  Calcined  Products. 


Table  A-16.  IR  Frequencies  (in  cm'*)  and  Assignments 
of  the  Principal  Bands  for  the  1:1  Mole  Ratio 
(K-Dawsonite/Snla)  Calcined  Product. 


IR  frequencies 


Literature 


3880  m 
3880  m 
3410  s 
3262  s 
3079  s 
1620  m 
1260  w 
1145  w 
1073  m 


Observed 


3880  w 


3450  mb 


1 630  w 


1070  w 


i  *  strong 
m  -  medium 
w  *  weak 
v  »  very 
b  ■  broad 


Assignment 


0-Stannic  Acid/AIOOH 

0-Stannic  Acid 

AlOOH 

AlOOH 

0-Stannic  Acid/SnO~> 
SnO-t/ AlOOH 
AlOOH 
AlOOH 
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Table  A-17.  IR  Frequencies  (in  cm**)  and  Assignments 
of  the  Principal  Bands  for  the  2:1  Mole  Ratio 
(K-Dawsonite/Snl4>  Calcined  Product. 


IR  frequencies 

Assignment 

Literature 

Observed 

3880  m 

3880  m 

3880  m 

^-Stannic  Acid/AIOOH 

3410  s 

3430  mb 

0-Stannic  Acid 

3262  s 

AlOOH 

3079  s 

AlOOH 

1620  m 

1610  m 

j3-Stannic  Acid 

1290  w 

SnOV  AlOOH 

1 145  w 

AlOOH 

1073  m 

1070  w 

AlOOH 

Legend: 

l  *  strong 
m  *  medium 
w  »  weak 
»  *  very 
b  *  broad 


Table  A-18.  IR  Frequencies  (in  cm-*)  and  Assignments 
of  the  Principal  Bands  for  the  4: 1  Mole  Ratio 
(K-Dawsonite/Snlq.)  Calcined  Product. 


IR  frequencies 

Assignment 

Literature 

Observed 

3880  m 

3880  m 

3875  m 

^-Stannic  Acid/AIOOH 

3410s 

3415  s 

0-Stannic  Acid 

3262  s 

AlOOH 

3079  s 

3100  s 

AlOOH 

1620  m 

1615  m 

(J-Stannic  Acid 

1260  w 

SnOVAIOOH 

1  145  w 

1150  w 

AlOOH 

1073  m 

1070  m 

AlOOH 

✓ 
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Figure  A*  15.  Infrared  Spectra  of  the  5: 1  and  8: 1  Mole  Ratios  of 
Potassium  Dawsonite/SnLj.)  Calcined  Products. 


Table  A-19.  IR  Frequencies  (in  cm“l)  and  Assignments 
of  the  Principal  Bands  for  the  5: 1  Mole  Ratio 
(K-Dawsonite/Snl4>  Calcined  Product. 


IR  frequencies41 

Assignment 

Literature 

Observed 

3880  m 

3880  m 

3880  w 

d-Stannic  Acid/ AlOOH 

3440  s 

3440  sb 

K-Dawsonite 

3410 sb 

d-Stannic  Acid 

3262  s 

AlOOH 

3079  s 

3090  s 

AlOOH 

1620  m 

1625  w 

d-Stannic  Acid 

1 544  vs 

1528  vs 

K-Dawsonite 

1 4 1 2  vs 

1405  vs 

K-Dawsonite 

1260  w 

1255  w 

SnO-t/ AlOOH 

1145  w 

1140  w 

AlOOH 

1073  m 

1065  m 

AlOOH 

1000  s 

998  s 

K-Dawsonite 

Legend: 

s  =  strong 
m  =  medium 
w  =  weak 
v  *  very 
b  =  broad 


aIR  literature  for  AlOOH  (Reference  1 1).  j3-Stannic  Acid,  and  SnOi 
(Table  44)  KDawsomte  (  Table  29). 
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Table  A-20.  IR  Frequencies  (in  cm*')  and  Assignments 
of  the  Principal  Bands  for  the  8:  l  Mole  Ratio 
(K-Dawsonite/Snl4)  Calcined  Product. 


IR  frequencies0 

Assignment 

Literature 

Observed 

3880  m 

3880  w 

0-Stannic  Acid/ AIOOH 

3440  s 

3425  sb 

K-Dawsonite 

3410 sb 

0-Stannic  Acid 

3262  s 

AIOOH 

3080  s 

AIOOH 

1620  m 

1620  w 

^-Stannic  Acid 

1 544  vs 

1525  vs 

K-Dawsonite 

1412  vs 

1410  vs 

K-Dawsonite 

1260  w 

1260  w 

SnOo /AIOOH 

1145  w 

1 140  w 

AIOOH 

1073  m 

1060  m 

AIOOH 

995  s 

K-Dawsonite 

Legend: 

s  *  strong 
m  *  medium 
w  =  weak 
v  »  very 
b  *  broad 

aIR  literature  for  AIOOH  (Reference  90),  (J-Stannic  Acid,  and  SnO, 
(Table  44)  K-Dawsonite  (Table  32). 


FREQUENCY  CM  ' 

4000  3400  3200  3*00  2400  3000  'MO  1400  1400  >  300  >000  MO  4: 


L  >o*  I  TiollVl  0«'rt* 

L,n*  7  J  Si*n«*c  Actd 
l  m  ]  4  1  Pjno  o<  *  O/S0I4 
Lme  4  Bnervnite  1A1OOH) 


Figure  A-16.  Infrared  Spectra  for  Various  Solid  Dry  Chemicals. 
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Table  A-21 .  IR  Frequencies  (in  cm'* )  and  Assignments 
of  the  Principal  Bands  of  Boehmite  (AIO(OH)), 
/3-Stannic  Acid  (SnCH’xf^O),  and  Stannic  Oxide  (SnC>2). 


Boehmite^ 

0-Stannic  acid^ 

Stannic  oxide 

3880  m 

3880  w 

1260  w 

3262  s 

3410 sb 

1080  m 

3079  s 

1620  m 

1060  m 

2080  m 

1960  w 

1640  w 

1260  w 

1145  w 

1073  m 

790  m 

Legend: 


s  *  strong 
m  *  medium 
w  *  weak 
v  »  very 
b  *  broad 


aIR  frequencies  for  Boehmite  are  from  Reference  90. 

*1R  frequencies  for  3- Stannic  Acid  and  Stannic  Oxide  are  from  Figure  46. 


Thermogravimetric  Analysis  of  Potassium  Dawsonite  and  Tin  Iodides 


The  differential  TGA  curve  of  potassium  Dawsonite,  before  washing  and  after  washing 
with  cold  water,  is  shown  in  Figure  A- 17.  The  small  peak  at  150°C  is  absent  in  the  washed 
potassium  Dawsonite  sample. 


The  TGA’s  of  both  Snl4  and  SnH  were  taken  using  freshly  prepared  samples.  This 
was  to  ensure  product  purity,  as  Snl2  is  well  known  for  its  rapid  oxidation  (Reference  85). 
Both  Snl4  and  Snb  had  only  one  principal  weight  loss  peak  each,  as  indicated  in  Figure  A-13. 
Snb  remained  relatively  stable  upon  heating  until  a  temperature  of  390°C.  At  510°C, 
Snb  undergoes  its  most  rapid  weight  loss.  The  small  weight  loss  at  approximately  170°C  is 
due  to  Snl4  impurity  in  the  sample.  The  TGA  of  Snl4  shows  only  one  large  weight  loss 
peak  due  to  evaporation,  spanning  a  range  of  165  to  240°C.  The  greatest  weight  loss  occurs 
at  230JC.  The  total  weight  loss  was  98%  for  Snl4  and  94%  for  SnI->. 
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0  200  400  600  800  1000 

TEMPERATURE,  °C 

Legend : 

Line  1 :  Before  washing 
Line  2:  After  washing 

Figure  A-l  7.  Differential  Gravimetric  Analysis  Curves  for  the  Thermolysis 
of  Potassium  Dawsonite. 


Thermogravimetric  Analyses  of  K-Dawsonite/Tin(IV)  Iodide  Physical  Mixtures 
and  Calcined  Mixtures 


Integral  and  differential  TGAs  of  physical  mixtures,  calcined  mixtures  and  prob 
able  products  of  calcined  mixtures  are  shown  in  Figures  A-18,  A-19,  A-20,  A-21,  and  A-22. 
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K 


TEMPERATURE,  °C 

Figure  A- 18.  Integral  and  Differential  Gravimetric  Analysis  Curves  for  the  Thermolysis 
of  the  4:1  Mole  Ratio  Potassium  Dawsonite/Stannic  Iodide  Physical  Mixture. 


The  4: 1  physical  mixture  integral  and  differential  curves  as  shown  in  Figure  A- 18  are 
characteristic  of  all  mixtures  employed,  differing  from  other  mole  ratio  systems  only  in 
relative  peak  heights  of  the  two  components.  As  expected,  the  major  weight  loss  rates  were 
observed  at  about  230  and  360°C  for  the  Snl4  and  potassium  Dawsonite,  respectively. 

As  depicted  in  Figures  A- 19,  A-20,  and  A-21,  the  integral  and  differential  TGAs  of 
the  calcined  systems  of  varying  mole  ratios  reveal  a  common  high  temperature  weight  loss 
around  the  850  to  890°  C  region.  The  lower  mole  ratio  systems,  1 : 1  and  2:1,  exhibit  weight 
losses  primarily  in  the  230°C  region  whereas  the  higher  mole  ratio  systems,  5:1  and  8:1, 
show  characteristic  weight  losses  in  the  350°C  zone.  The  most  prominent  feature  of  the 
4:1  system  is  the  850  to  900°  C  weight  loss. 


TTr 


TEMPERATURE,  C 


Legend: 


Line  1:  1:1  MOLE  RATIO 
Line  2:  2:1  MOLE  RATIO 
Line  3:  4:1  MOLE  RATIO 


Figure  A-l  9.  Integral  Gravimetric  Analysis  Curves  for  the  Thermolysis 
of  the  1:1(1).  2:1(2),  and  4:1(3)  Mole  Ratio  Potassium  Dawsonite/Snl4 
Calcined  Product. 


Figure  A-22  includes  the  integral  TGAs  of  potassium  iodide,  (3-stannic  acid,  and 
Boehmite.  Boehmite  (AIO(OH))  decomposes  to  form  AHO3.  Beta-stannic  acid  undergoes 
successive  water  losses  from  50  to  500° C.  Reference  91  describes  this  dehydration  more 
completely.  Potassium  iodide  is  very  stable  to  weight  loss  up  to  a  temperature  of  700°  C. 
It  then  rapidly  loses  virtually  all  of  its  weight  from  700  to  900°C. 
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TEMPERATURE,  C 

Legend: 

Line  1:  1:1  MOLE  RATIO 
Line  2:  2:1  MOLE  RATIO 
Line  3:  4:1  MOLE  RATIO 

Figure  A- 20.  Differential  Gravimetric  Curves  for  the  Thermolysis 
of  the  1: 1(1),  2:1(2),  and  4:1(3)  Mole  Ratio  Potassium 
Dawsonite/Snl4  Calcined  Product. 


X-Rav  Diffraction  Analysis 


Potassium  Dawsonite  Snl2  and  Snl4,  were  analyzed  by  X-ray  diffraction.  Refer  to 
Table  A-22  for  potassium  Dawsonite  26  observations  with  relative  intensities,  Table  A-15 
for  Snl4  29  assignments,  and  Table  A-14for  26  assignments  of  Snb.  Figure  A- 1 2  shows  the 
X-ray  diffraction  spectrum  of  potassium  Dawsonite.  Table  A-23  shows  the  26  assignments 
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with  relative  intensities  for  the  1:1  mole  ratio  K-Dawsonite  to  Snl4  calcined  product  and 
physical  mixture.  The  26  assignments  and  intensities  for  the  4: 1  calcined  product  are  listed 
in  Table  A-24.  Tables  A-25,  A-26,  and  A-27  list  the  26  assignments  and  intensities  for  the 
2:1,  5:1,  and  8:1  calcined  products,  respectively.  Literature  26  values  and  relative  inten¬ 
sities  for  potassium  iodide  and  SnCH  are  listed  in  Table  A-28.  Figure  A-23  compares  the 
major  X-ray  diffraction  peaks  of  the  2:1,  4:1,  and  8:1  calcined  products  with  the  major 
X-ray  diffraction  reflections  of  KI,  Snl4,  K-Dawsonite,  and  SnOn.  All  of  the  spectra  were 
taken  using  UF  as  an  internal  standard. 


TEMPERATURE,  °C 

Legend: 

Line  1:  5:1  MOLE  RATIO 
Line  2:  8:1  MOLE  RATIO 

Figure  A-21.  Integral  and  Differential  Gravimetric  Analysis  Curves  for  the 
Thermolysis  of  the  5 : 1  ( 1  >  and  8: 1(2)  Mole  Ratio  Potassium 
Dawsonite/Snl4  Calcined  Product. 
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Table  A-22.  26  Values,  Corresponding  “d”  Spacings 
and  Relative  Intensities  for  the  X-ray  Diffraction 
Spectrum  of  Potassium  Dawsonite. 


Relative  intensity 


Table  A-23.  26  Values,  Assignments,  and  Relative  Intensities  for  the 
X-ray  Diffraction  Spectra  of  the  1 : 1  Mole  Ratio  (K-Dawsonite/Snl^.) 
Physical  Mixture  and  Calcined  Product. 


Physical  mixture  1 : 1  mole  ratio 


a  *  ■  *  Relative 

H  Accionmpnt 


26 

Literature 

Observed 

21.78 

21.73 

25.13 

25.23 

25.17 

26.60 

26.58 

29.09 

29.08 

33.90 

33.90 

35.95 

35.93 

41.62 

41.58 

42.42 

42.43 

44.43 

44.33 

49.24 

49.25 

A  .  .  Relative 

Assignment  intensity 


/  *' 
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Table  A-24.  26  Values  and  Relative  Intensities  for  the  X-ray 
Diffraction  Spectrum  of  the  4: 1  Mole  Ratio 
(K-Dawsonite/Snl4)  Calcined  Product. 


26 

Assignment 

Relative 

intensity 

Literature*2 

Observed 

21.78 

21.76 

KI 

40 

25.23 

25.20 

KI 

100 

26.60 

26.57 

Sn02 

10 

33.90 

33.93 

SnO^t 

8 

35.95 

35.92 

Kl“ 

85 

42.42 

42.40 

KI 

30 

44.43 

44.40 

KI 

20 

aThe  relative  intensities  are  taken  from  the  indexed  ASTVt  catalog  card  number  4-0471  for  KI 
and  21-1250  for  SnOj. 


Table  A-25.  26  Values  and  Relative  Intensities  for  the  X-ray 
Diffraction  Spectrum  of  the  2: 1  Mole  Ratio 
(K-Dawsonite/Snl4)  Calcined  Product. 


26 

_ 1 

Assignment 

Relative 

intensity 

Literature*2 

1 

Observed 

21.78 

21.75 

KI 

40 

25.13 

Snl4 

25.23 

25.17 

KI 

100 

26.60 

26.56 

SnO-i 

8 

29.09 

29.08 

Snl4 

12 

33.90 

33.90 

SnO? 

6 

35.95 

35.95 

KI 

85 

41.62 

41.58 

Snl4 

20 

42.42 

42.44 

KI 

32 

44.43 

44.40 

KI 

^  -T 

49.24 

49.25 

Snl4 

15 

aThe  relative  intensities  are  taken  from  the  indexed  ASTM  citalog  card  number  4-0471  for  KI. 
21-1250  tor  SnO^,  and  6-0232  for  Snl^. 


167 


S'-r.'-r'  S',-';  y. 


ii^i  i'i  i 


:JLc,  f-r.  .  dJJi  k 


-  ' 


I  .  V  . 


>  * 


»  "S  a/*  "V**1  - V*  n"** 

•  “  ^  ikiLiL  ^  *+  i 


JTCG/AS-82-T-002 


Table  A-26.  26  Values  and  Relative  Intensities  for  the  X-ray 
Diffraction  Spectrum  of  the  5  :1  Mole  Ratio 
(K-Dawsonite/Snla)  Calcined  Product. 


Assignment 


Literature3 


21.78 

25.23 

26.60 

33.90 

35.95 

42.42 

44.43 


Observed 


21.76 

25.22 

26.60 

33.92 

35.94 

42.40 

44.45 


Relative 

intensity 


The  relative  intensities  are  taken  from  the  indexed  ASTM  catalog  card  number  4-0471  for  KI 
and  21-1250  for  SnOj. 


Table  A-27.  26  Values  and  Relative  Intensities  for  the  X-ray 
Diffraction  Spectrum  of  the  8: 1  Mole  Ratio 
(K-Dawsonite/Snld.)  Calcined  Product. 


Assignment 


Literature3 


21.78 

25.23 

26.60 

28.33 

33.90 

35.95 

41.73 

42.42 

44.43 
45.56 


Observed 


21.82 

25.25 

26.58 

28.35 

33.90 

35.98 

41.75 

42.45 

44.42 

45.55 


Relative 

intensity 
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Table  A-28.  29  Values,  Corresponding  “d”  Spacings  and  Relative  Intensities  for 
the  X-ray  Diffraction  Spectrum  of  Potassium  Iodide  and  Stannic  Oxide. 


Kf2 

Sn02a 

d  Spacing 

29 

Relative 

intensity 

d  Spacing 

29 

Relative 

intensity 

4.08 

21.78 

42 

3.35 

26.60 

100 

3.53 

25.23 

100 

2.644 

33.90 

80 

2.498 

35.95 

70 

2.369 

37.98 

25 

2.131 

42.42 

29 

2.039 

44.43 

27 

1.767 

51.73 

15 

' 

a“d”  spacing  and  relative  intensities  for  K1  and  SnC>2  are  from  indexed  ASTM  catalog  card  numbers  4-0471  and 
21-1250,  respectively.  26  values  were  calculated  using  a  lambda  value  of  1.5418. 


Chemical  Analysis 

The  purity  of  the  calcined  potassium  Dawsonite  and  the  laboratory  preparation  of 
Snl4  as  determined  by  chemical  analysis  gave  results  in  good  agreement  with  theoretical 
values.  Also,  Snl2  as  obtained  from  ROC/RIC  supplier  was  analyzed.  Refer  to  Table  A- 13 
for  experimental  and  theoretical  values. 

A  chemical  determination  was  performed  on  the  4:1,  5:1.  and  8:1  calcined  products 
for  total  water  soluble  iodine  content.  The  total  water  soluble  iodine  of  the  4:1  calcined 
product,  expressed  as  KI,  was  determined  to  be  61.10%  of  the  total  weight.  The  theoretical 
value  for  total  iodine,  calculated  as  KI,  is  60.88%.  The  other  calcined  products  of  mole 
ratios  5:1  and  8:1  had  total  KI  by  weight  54.79  and  39.28%,  respectively.  The  corres¬ 
ponding  theoretical  values  for  total  KI  are  53.09  and  38.36%. 


Separation  of  Components  of  1 : 1  Mole  Ratio  <K-Dawsonite/Tin<  IV)  Iodide) 

Calcined  Product 

The  components  of  the  1 : 1  calcined  product  were  separated  and  purified  by  solvent 
extraction.  Unreacted  Snl4  was  extracted  with  hot  carbon  tetrachloride  crystallized  upon 
cooling.  Product  potassium  iodide  was  extracted  with  cold  water;  the  residue  phase  con¬ 
tained  insoluble  aluminum  and  tin  components.  The  X-ray  diffraction  pattern  of  these 
phases  was  recorded  and  is  shown  in  Table  A-29. 
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The  Iodine  Content  of  the  PotassiumBicarbonate/Aluminum 
Hydroxide /Potassium  Iodide  Calcined  Product 

The  iodine  content,  expressed  as  KI,  was  determined  by  chemical  methods.  The 
results  of  total  KI  measured  as  8.54%  compared  to  a  theoretical  value  of  8.74%  are  in  good 
agreement  with  each  other.  The  aluminum  and  carbonate  content  were  also  determined. 
The  experimentally  determined  value  of  A1  was  17.51%  compared  to  a  theoretical  value  of 
16.86%.  Total  carbonate  was  measured  as  36.77%  compared  to  a  theoretical  value  of 
37.49%.  The  26  assignments  for  the  above  calcined  product  are  shown  in  Table  A-30. 


Table  A-30.  26  Values  and  Relative  Intensities  for  the  X-ray 
Diffraction  Spectrum  of  the  KHC03/A1(0H>3/KI 
Calcined  Product. 


26 

Assignment 

Relative 

intensity 

Literature61 

Observed 

15.89 

15.89 

KD 

65 

21.65 

21.68 

KD 

45 

21.78 

21.80 

KI 

60 

25.23 

25.22 

KI 

100 

26.46 

26.45 

KD 

50 

28.33 

28.35 

KD 

65 

30.92 

30.90 

KD 

10 

31.73 

31.72 

KD 

30 

32  1 1 

32.13 

KD 

25 

33.92 

33  95 

KD 

'  n 

35.71 

35.72 

KD 

55 

35.95 

35.95 

KI 

80 

41.73 

41.70 

KD 

25 

42.42 

42.45 

KI 

20 

44.43 

44.42 

KI 

25 

45.56 

45.55 

KD 

45 

1 1*  1  m  im1 
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DISCUSSION 


> 

j 

J 

J 


SYNTHESIS  OF  STANNIC  AND  STANNOUS  IODIDES  AND  THE  CALCINED  j 

PRODUCTS  OF  POTASSIUM  DAWSONITE/TIN(IV)  IODIDE  j 


Although,  as  documented  elsewhere  in  this  report,  promising  results  from  static  as  I 

well  as  dynamic  testing  of  reignition  retardant  efficacy  had  been  obtained  using  calcined 
KD/SnIx,  where  “x”  had  been  presumed  to  be  two,  preliminary  X-ray  diffraction  and 
TGA  studies  indicated  that  the  resultant  material  was  comparable  to  that  obtained  by  cal¬ 
cination  of  KD/Snl4.  Consequently,  further  study  of  the  environmentally  sensitive  and 
unstable  KD/Snl2  system  was  contra-indicated,  since  the  stannous  iodide  readily  oxidized 
to  Sniq,  probably  according  to  the  following  reaction:  \ 


iSnH  +  C>2  - -  Snl4  +  Sn02 

Stannic  iodide  was  considerably  more  stable  than  stannous  iodide.  The  calcined  products  of 
mole  ratios  1 : 1  and  2: 1  K-Dawsonite/Snl4  were  nonwhite  in  color  whereas  the  5: 1  and  8. 1 
products  were  white  in  color.  This  seems  to  indicate  an  excess  of  Snl4  in  the  1:1  and  2:1 
products  and  an  excess  of  potassium  Dawsonite  in  the  5 : 1  and  8:1  products. 


CALCINATION  OF  ALUMINUM  HYDROXIDE/POTASSIUM 
CARBONATE  WITH  KI 

The  calcination  reaction  with  the  above  components  was  carried  out  using  the  same 
conditions  as  used  in  the  potassium  Dawsonite  synthesis.  The  weight  loss  after  calcination 
was  equivalent  to  one  mole  water  loss,  thus  indicating  potassium  Dawsonite  formation.  The 
reaction  proceeded  as  follows: 

Al(OH)3  +  KHC03  +  KI  - -  KA10(0H)HC03  +  KI  +  H20 

INSTRUMENTAL  ANALYSIS 


Infrared  Spectroscopy 

From  Figures  A-14  and  A-15  it  becomes  clear  that  potassium  Dawsonite  is  the  limiting 
reactant  for  the  1:1  and  2:1  calcined  products,  whereas  potassium  Dawsonite  is  in  excess 
in  the  5:1  and  8:1  calcined  products,  with  Snl4  being  the  limiting  reactant.  The  4:1  cal¬ 
cined  product  is  in  the  marginal  zone  with  potassium  Dawsonite  only  in  a  very  slight  excess. 
This  might  be  due  to  incomplete  reaction.  The  stoichiometry  of  potassium  Dawsonite/Snlq 
reaction  appears  to  be  in  the  mole  ratio  of  4:1  K-Dawsonite/Snlq.  From  Figure  A- 16.  the 
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4:1  calcined  product  appears  to  be  a  mixture  of  Boehmite  (A10(0H))  and  stannic  acid 
and/or  stannic  oxide.  Potassium  and  iodine  are  not  accounted  for  via  IR,  and  X-ray  spec¬ 
trometry  was  used  to  identify  the  potassium  and  iodine  species. 


Thennogravimetric  Analysis 

Potassium  Dawsonite  was  washed  free  of  excess  bicarbonate  with  cold  water.  The 
decomposition  peak  at  150°C  in  Figure  A-17  is  due  to  a  small  excess  of  bicarbonate.  After 
washing  with  water  the  soluble  bicarbonate  was  absent  and  the  decomposition  peak  at 
150°C  is  no  longer  present.  The  two  other  peaks  that  remain  even  after  washing  are  due  to 
potassium  Dawsonite  decomposition.  One  peak  occurs  at  365°C  and  the  other  at  745°C. 
Both  are  due  to  H^O  and  CCH  loss.  The  final  residue  from  potassium  Dawsonite  decom¬ 
position  is  KAIO2.  Figure  A-13  shows  a  weight  loss  for  Snl4  which  occurs  over  a  small 
temperature  range.  Sn^  had  some  Snl4  impurity  and  two  weight  loss  peaks  appeared. 

All  of  the  calcined  products  show  a  prominent  potassium  iodide  weight  loss  peak  at 
750  to  900°C.  The  1:1  and  2:1  calcined  products  have  an  excess  of  Snl4  as  shown  by  the 
weight  loss  peak  at  170  to  240°C.  Potassium  Dawsonite  decomposition  peaks  appear  in  the 
5:1  and  8:1  products.  This  indicates  that  Snl4  is  the  limiting  reactant  for  the  5:1  and  8:1 
reactions  and  potassium  Dawsonite  is  the  limiting  reactant  for  the  1:1  and  2:1  mole  ratio 
reactions.  The  4:1  calcined  product  is  in  the  transition  zone  between  these  two  limiting 
reactants  and  this  is  probably  where  the  stoichiometry  of  the  reaction  occurs.  The  4:1 
calcined  product  appears  to  contain  potassium  iodide,  stannic  acid  and  possibly  some 
AIO(OH).  This  is  shown  in  Figures  A-19  and  A- 20. 


X-ray  Diffraction  Analysis 

All  of  the  major  20  peaks  for  the  1:1,  2:1,  4:1,  5:1,  and  8:1  calcined  products  have 
been  identified  and  are  in  Tables  A-16  through  A-20.  The  1:1  and  2:1  calcined  products  ' 

show  a  small  excess  of  Snl4  with  diffraction  peaks  at  20  values  of  29.08,  41.58,  and  49.25.  j 

The  major  20  peak  at  25.17  is  occluded  by  the  major  potassium  iodide  peak  at  25.23.  The  J 

4:1,  5:1,  and  8:1  calcined  products  do  not  show  any  Snl4  diffraction  peaks.  Potassium  1 

Dawsonite  X-ray  diffraction  peaks  do  appear  at  20  value  of  28.35,  41.75,  and  45.55  in  the  j 

8 : 1  calcined  product.  Potassium  Dawsonite  was  not  detectable  in  the  other  calcined  products.  : 

All  of  the  calcined  products  show  major  20  value  belonging  to  potassium  iodide.  The  4:1 
calcined  product  shows  only  potassium  iodide  and  stannic  oxide  20  reflection  values.  The  . 

4:1  product  appears  to  consist  of  potassium  iodide  and  stannic  oxide.  The  alumina  phase  .  j 

must  be  amorphous  because  no  reflection  values  could  be  found  for  AIO(OH),  although  5 

AIO(OH)  was  detected  by  infrared  spectroscopy.  Figure  A-23  shows  the  starting  reactants  f 

Snl4  and  potassium  Dawsonite,  and  the  products  obtained  by  calcination,  K1  and  SnCK  j 

The  2:1  product  has  excess  Snl4  and  the  8:1  product  has  excess  potassium  Dawsonite.  The  j 

4: 1  mole  ratio  appears  to  be  the  correct  stoichiometry  for  the  potassium  Dawsonite-Snl4  j 

reaction. 
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CHEMICAL  ANALYSIS 


The  potassium  iodide  content  of  the  4: 1,  5 : 1,  and  8: 1  calcined  products  were  in  good 
agreement  with  theoretical  values  for  KI,  therefore  KI  appears  to  be  the  iodide  component 
of  the  calcined  products. 


Separation  of  Components  of  1:  l  Mole  Ratio  (K-Dawsonite/ 
Tin(IV)  Iodide)  Calcined  Product 


Three  components  or  sets  of  components  were  separated  from  the  1 : 1  calcined 
product.  One  component  was  pure  Snl4,  the  second  component  was  potassium  iodide  and 
the  third  component,  which  was  mostly  amorphous,  was  Sn02-xH20  and  AIO(OH). 
Table  A-29  shows  the  26  values  for  the  X-ray  diffraction  of  these  components.  This  1 : 1 
calcined  product  had  potassium  Dawsonite  as  its  limiting  reactant,  therefore  Snl4  was  in 
excess  after  the  reaction.  The  AIO(OH),  stannic  acid  and/or  stannic  oxide  and  potassium 
iodide  were  formed  during  calcination. 


The  Iodine  Content  of  the  Potassium  Carbonate/ Aluminum 
Hydroxide/Potassium  Iodide  Calcined  Product 


Potassium  iodide  did  not  interfere  with  the  formation  of  potassium  Dawsonite  when 
the  starting  reactants  were  KHCO3,  Al(OH>3,  and  KI.  Table  A-30  supports  this  conclusion. 
Only  potassium  Dawsonite  and  potassium  iodide  are  observed  in  the  X-ray  diffraction 
spectrum.  The  iodine  content  of  the  calcined  product,  measured  as  KI,  is  in  good  agreement 
with  the  theoretical  value  of  KI. 


CONCLUSION 


A  new  interstitial  guest/host  type  of  compound  was  not  formed  by  the  calcination 
of  K-Dawsonite  and  Snl4;  rather,  the  resultant  mixture  underwent  a  reaction  to  form  a 
new  iodide  specie.  The  stoichiometry  of  the  potassium  Dawsonite/Snl4  reaction  is  in  the 
mole  ratio  of  4:1  for  the  (K-Dawsonite/SnL).),  respectively.  The  overall  reaction  proceeds 
according  to  the  following  equation: 


4KA1(0H)2C03  +  SnI4 


4KI  +  4A10(0H)  +  SnO'vxH'.Q  + 


4CC>2  +  (2-x)H20 
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The  potassium  iodide  is  a  crystalline  phase  and  appears  as  the  prominent  part  of  the 
X-ray  diffraction  spectrum.  The  stannic  acid  (SnCb  ^HiO)  has  some  crystalline  characteristics 
and  appears  as  SnC>2  in  the  X-ray  diffraction  powder  pattern.  AIO(OH)  appears  to  be 
amorphous.  It  has  a  strong  IR  spectrum  but  fails  to  show  any  diffraction  pattern  in  the 
X-ray  analysis. 

An  iodide  doped  sample  of  potassium  Dawsonite  can  be  directly  synthesized  from 
aluminum  hydroxide,  Al(OH)3,  and  potassium  bicarbonate,  KHCO3,  in  the  presence  of 
potassium  iodide,  KI.  The  long  reigition  delay  times  achieved  with  this  KD/KI  calcined 
mixture  may  be  due  to  the  slow  release  of  iodide  into  the  combustion  zone.  As  the  flame 
or  heat  penetrates  the  potassium  Dawsonite,  the  iodide  volatilization  is  suppressed  by  the 
endothermic  decomposition  of  the  potassium  Dawsonite;  contiguous  adhesion  of  the  radical 
to  the  potassium  Dawsonite  by  enclathration  would  optimize  thermal  exchange  between 
the  two  phases. 
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